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ABSTRACT
The absorpt ion c o e f f i c i e n t  f o r  the ord inary  and e x t ra o rd in a ry  modes 
o f wave propagation are ca lcu la ted  f o r  cyc lo t ron  r a d ia t io n  from hot 
magnetized plasmas (kT < SO keV). Two r e l a t i v i s t i c  methods are used to  
c a lc u la te  the absorpt ion c o e f f i c i e n t s :  the d i e l e c t r i c  fo rm u la t io n  ana 
the s ing le  p a r t i c l e  fo rm u la t io n .  A n o n r e l a t i v i s t i c  approximat ion which 
inc ludes the e f f e c t s  of inverse-bremsstrah lung and Thomson s c a t te r in g  
( c o l l i s i o n s )  is  a lso made. The equat ions of r a d ia t i v e  t r a n s f e r  f o r  a 
homogeneous plasma, w i th  large Faraday r o t a t i o n ,  are so lved, and simple 
a n a ly t i c  expressions f o r  the Stokes parameters Q and V are derived in 
terms of the o p t i c a l  depths in  both modes. The re s u l t s  are app l ied  to 
the accre t ion  columns of AM Hercu l is  b in a r ie s .
The in c lu s io n  of c o l l i s i o n a l  e f f e c t s  in the n o n r e l a t i v i s t i c  
approximation reduces the amount of f r a c t i o n a l l y  po la r ized  l i g h t  to  
le ve ls  which agree b e t te r  w i th  the observa t ions .  For small v iew iny 
angles w i th  the magnetic f i e l d ,  the c i r c u l a r  p o la r i z a t i o n  does not 
approach 1UU% as is  observed in  the r e l a t i v i s t i c  c a lc u la t io n s  w i thou t  
the e f fe c t s  o f c o l l i s i o n s .  The p o la r i z a t i o n  approaches a value much 
less than 100%. This r e s u l t  may provide a q u a l i t a t i v e  exp lanat ion  or 
the s t a n d s t i l l  which is  observed in  some AM Hercu l is  b in a r ie s .  
Comparisons of t h e o r e t i c a l  and observa t iona l  c i r c u l a r  p o la r i z a t io n  
curves f o r  AM H ercu l is  give s u r p r i s i n g l y  good agreement f o r  a magnetic 
f i e l d  of 2.7 x ID'7 gauss, temperature of U.2 keV, and plasma slab
th ickness  o f 2.6 x 10y cm.
The de tec t ion  of c yc lo t ro n  l in e s  in the o p t i c a l  spectrum is l im i te d
to  a small parameter space in magnetic f i e l d  ((2-1U) x 1U^ gauss),
x i
plasma temperature (< lb  keV), and d i r e c t i o n  of the acc re t ion  column 
(near ly  perpend icu la r  to  the l i n e  of s ig h t  f o r  extended periods of t ime;
~ 1U m inu tes ) .  Theore t ica l  spectra conf i rm the conclus ion by 
Wickramasinghe and Meggit t  (1983) th a t  the broad l in e s  in  VV Puppis are 
due to  cyc lo t ro n  emission, but d ispu te  t h e i r  conc lus ion t h a t  the 
a d d i t io n  o f an unpo lar ized  component o f r a d ia t io n  in  the blue and UV 
spectrum is  re q u i re d .  A best f i t  to  the data of VV Puppis y i e l d s  a 
po la r  magnetic f i e l d  of 3.15 x 107 gauss, a postshock temperature of 8.7 




I .  HISTORICAL SYNOPSIS
Novae are the o ldes t  and most f a m i l i a r  members of a class of s ta rs  
c a l le d  catac lysmic  va r ia b les  (CVs). Today, CVs are d iv ided  in to  many 
subclasses: novae or c la s s ic a l  novae, recu rren t  novae, dwarf novae,
nova l ike  CVs, magnetic CVs, and some symbio t ic  and Mira v a r ia b le s .  The 
c l a s s i f i c a t i o n  of a CV depends on i t s  ou tbu rs t  p ro pe r t ie s  (See Table 
1.1; Robinson 1983). C lass ica l  novae, by d e f i n i t i o n ,  have been seen 
only once dur ing ou tbu rs t  w i th  an increase in  b r ightness o f 9 -1b 
magnitudes. The recu r ren t  novae - as the name suggests -  have been seen 
more than once. The period of recurrence is  usua l ly  1U-1UU years w itn  
an increase in  b r igh tness  less than t h a t  of the c la s s ic a l  novae (b-9 
mag). The dwarf novae have the sho r tes t  recurrence t imes (one week to 
several months) and the smal lest increase in b r ightness (3-6 mag). The 
other  subclasses have not been seen dur ing o u tb u rs t ,  but t h e i r  o p t ic a l  
c h a r a c t e r i s t i c s  - such as emission l in e s  and short  term (~ minutes) 
v a r i a b i l i t y  or f l i c k e r i n g  -  are s im i l a r  to  dwarf novae. Apparen t ly ,  the 
change in  b r igh tness  of these systems, at leas t  f o r  novae, i s  d i r e c t l y  
p ro po r t io n a l  to  the length of t ime between ou tburs ts  (Cordova and Mason 
1983).
The f i r s t  major step in  the understanding of CVs resu l ted  from the 
observat ions o f the dwarf nova SS Cygni (Joy 1956) and the nova l ike  CV 
AE Aquari i  (Joy 1954). These s ta rs  were i d e n t i f i e d  as spectroscop ic  
b in a r ie s .  This i d e n t i f i c a t i o n  led Crawford and K ra f t  (1956) to  suggest 
t h a t  the p ro p e r t ie s  of CVs are due to  mass t r a n s f e r  from a normal 
companion s ta r  to  a whi te  dwarf s ta r  in  a close b inary ( o r b i t a l  per iod 
Po r b < 1 day) .  The var ious types of novae may then be a r e s u l t  of  the 
d i f f e r e n t  rates o f mass t r a n s f e r :  the c la s s ic a l  novae have the lowest
TABLE 1
PROPERTIES OF CATACLYSMIC VARIABLES
Subclass Outburs t  




( y r )
O r b i t a l  
P er i od  
( h r )
Cause of  
o u t b ur s t
Type of  
s t a r s
C l a s s i c a l
novae
9 - 1 4
or
g r e a t e r
103 -  1U5 
seen only  
once
3 . 3 - 1 6 . 4 Thermo­
n u c l e a r
runaway
Red dwarf  
Whi te dwarf
R ecu rr en t
novae
7 -  9 10 -  100 1 . 2 -
227 days
Thermo­
n u c l e ar
runaway
Red y i a n t  
or  Red dwarf  
w n i t e  dwarf
Dwarf 2 -  6 0 .U2 -  3 1 . 6 - 1 4 . 6 Change in  
mass r a t e  
or  d i sk
Red dwarf  
White  dwarf
Nova l i k e  
v a r i  ab les
< ?
I r r e g u l a r
No
ou tb u rs ts
3 . 2 - 9 . 9 Change in  
mass r a t e  
or  disk
Red dwarf  
Maynet i c 
Whi te dwarf
Po l a rs < 2 
I r r e y u l a r
No
o ut b ur s ts
1 . 3 - 3 . 6 Chanye 1n 
mass r a t e  
or  p a t t e r n
Red y i a n t  
Maynet ic  
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rates and the dwarf novae have the highest ra tes .  Models e xp la in ing  the 
mass t r a n s fe r  were f i n a l l y  presented by Warner and Nather (1971) and
Smak (1971). The i r  exp lanat ion f o r  the cause of the mass t r a n s fe r  is
a t t r i b u te d  to  the overf low of the Roche lobe of the companion s ta r  (see 
F ig .  1 .1 ) .  The mass of the companion s ta r  has been determined f o r  a few 
CVs (see Payne-Gaposchkin 1977; Cordova and Mason 1983), and is  found to  
be less than 2 M0 w i th  the m a jo r i t y  of them less than 1 M0 (M@ = 1.99 x
O O
lO00 g is  the mass of the sun).  Therefo re, the combined low mass (MWb + 
Mj_Mc < 3.5 M@) and short  o r b i t a l  per iod o f these b in a r ie s  gives an
o r b i t a l  radius r Qrb ~ 1 0 ^  cm. This value is of order of the radius of
the low mass companion s ta r  (R|_mq "  3 x 10^u cm). The Roche lobe 
surface of the whi te  dwarf may then reach the companion s t a r ' s  
sur face .  When t h i s  occurs, matter  is  t ra n s fe r re d  through the fnher ' 
Lagrangian po in t  i n to  the Roche lobe surrounding the whi te dwarf .
Due to  the large o r b i t a l  angular momentum imparted to  the matter by 
the companion s ta r ,  the mat te r  does not f a l l  d i r e c t l y  onto the white 
dwarf .  Ins tead,  i t  forms a r ing  about 0.4 r Qrb from the whi te  dwarf 
(Robinson 1976). V is c o s i t y  then broadens the r ing  in to  a d isk  (see Fig . 
1.1) and heats the d isk  to  temperatures o f ~ 3000 to  100,000 K 
(Patterson 1984). The lu m in o s i t ie s  of the disk and "hot spot" ( the area 
where the mass stream from the companion s ta r  in te rs e c ts  the d isk )  
usua l ly  exceed the lu m in o s i t ie s  of both s ta rs  in the v i s i b l e  spectrum. 
Occas iona l ly ,  the lum in o s i t y  of the companion s ta r  dominates at red and 
in f ra re d  wavelengths and the lum in o s i ty  from the inner  d isk may dominate 
at f a r  u l t r a v i o l e t  wavelengths (Cordova and Mason 1983).
The advent o f X-ray astronomy (Giacconi et__al_. 1971) produced
5




acc re t ion  d isk
whi te  dwarf
—
9 1110 10cm cm
Fig .  1 .1 . - - I I 1u s t r a t i o n  (drawn to  scale) o f a catac lysmic  va r ia b le  
w ith  an a cc re t ion  d is k .  I t  has been sugyested th a t  the acc re t ion  stream 
in te rc e p ts  the acc re t ion  d isk  and forms a "hot sp o t " .  Tne dashed l i n e  
c i r c l i n g  the whi te  dwarf is  the Roche lobe p o te n t ia l  which has the value 
o f  the g r a v i t a t i o n a l  p o te n t i a l  at  the inner  Layranyian p o in t .
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another major step in the understanding of CVs. An u l t r a s o f t  (hu. < 0.2o 
keV) X-ray source was i d e n t i f i e d  w ith  - again - the dwarf nova SS Cygni 
(Rappaport et_ a]_. 1974). The suggest ion by many people (Saslaw 1968; 
Warner 1972; K ra f t  1972; McClintock 1973) was tha t  dwarf novae may be 
s o f t  X-ray sources. This suggestion is  cons is ten t  w i th  the theory  tha t  
CVs are close b inary  systems in the process of mass t r a n s f e r .  The so f t  
X-rays are emit ted by bremsstrahlung ra d ia t io n  in  a high temperature 
plasma near the whi te  dwarf su r face .  The e lec t rons  and ions acqui re  
large k i n e t i c  energies as they f a l l  f r e e l y  in  the strong g r a v i t a t i o n a l  
p o te n t ia l  near the whi te  dwarf .  The k i n e t i c  energy is  then transformed 
in to  thermal energy through c o l l i s i o n s ,  heat ing the plasma to  high 
temperatures and e m i t t in g  X-rays.
A new subclass, the magnetic CVs, was added to  the l i s t  of  CVs in 
1977. Beginning w ith  an ana lys is  of a spectrogram of the s ta r  AM 
H ercu l is  (AM Her) ,  Bond and T i f f t  (1974) found a very blue continuum 
w i th  several sharp emission l in e s  and no absorpt ion l i n e s .  These 
c h a r a c t e r i s t i c s  are s im i l a r  to  a type of nova l ike  CV of which U 
Geminorum is  the p ro to type .  They suggested t h a t ,  in  f a c t ,  AM Her had 
been i n c o r r e c t l y  c l a s s i f i e d  as a RW Aurigae v a r ia b le .  This suggestion 
was supported by photometr ic  observat ions of AM Her by Berg and Duthie 
(1977). In a d d i t i o n ,  Berg and Duthie (1977) suggested th a t  AM Her may 
be the o p t i c a l  candidate f o r  the weak X-ray source 3U 1809+60 (Giacconi 
_et_ a_l_. 1974) and a s o f t  X-ray source detected by SAS-3 (Hearn, 
Richardson, and Clark 1976; see F ig .  1 .2 ) .  Hearn and Richardson (1977) 
q u ic k ly  confirmed t h e i r  suggest ion by i d e n t i f y i n g  a common 3.1 nour 
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F ig .  1 .2 . - - P l o t  of p o s i t io n s  f o r  the X-ray source 31) 18U9+5U, as given 
by: 3U 1809+50 (Giacconi et__al_. 1974); A r i e l - 5  (R icke t t s  1976); and
SAS-3 (Hearn, Richardson, and Clark 1976) (2-sigma e r r o r s ) .  The 










F ig .  1 . 3 . --The average X-ray l i g h t  curve of AM Her, in  the energy 
range 0.1-U.3  keV. The same data has been p lo t te d  f o r  two cyc les .  Zero 
phase is  chosen to  be th a t  of maximum l in e a r  o p t i c a l  p o la r i z a t i o n  (Tapia 
1977 ) .  A ra te  of one count per second corresponds to  « 1.1 x 1U“ ^  ergs 
cm"^ s " 1 in  t h i s  energy range. Approximately twelve 3.1 hr cycles were 
observed. Phase 0 .05-0 .10  received r e l a t i v e l y  l i t t l e  exposure. From 
Hearn and Richardson 1977.
Contemporaneous w ith  the SAS-3 observa t ions ,  Tapia (1977) observed 
AM Her in  the v i s i b l e  spectrum and found strong l i n e a r  and c i r c u l a r  
p o la r i z a t io n  (~ 10%; see F igs .  1.4 and 1 .5 ) .  The strong p o la r i z a t io n  
suggested the presence of c yc lo t ro n  r a d ia t io n  from hot e lec t rons  in a 
magnetic f i e l d  B ~ 2 x 10® guass (Ingham, Brecher, and Wasserman 
1976). Krzeminski and Serkowski (1977) observed AN Ursae Majo r is  (AN 
UMa) and found strong c i r c u l a r  p o la r i z a t io n  (as much as -3b%; see F igs .
1.6 and 1 .7 ) .  The s i m i l a r i t y  of AN UMa to  AM Her prompted Krzeminski 
and Serkowski to  propose th a t  t h i s  new type of ob jec t  be ca l le d  a 
“ p o la r " ,  because of the s trong p o la r i z a t i o n .
Many models were presented f o r  AM Her (Szkody and Brownlee 1977; 
Crampton and Cowley 1 977; Fabian et_ aj_. 1977; Chanmugam and Wagner 1 977 ; 
Pr iedhorsky and Krzeminski 1978). Chanmugam and Wagner (1977) argued 
th a t  i f  8 ~ 10® gauss, then the magnetospheric radius r^  i s  ~ 1 0 ^  cm or 
r A ~ r orb* Outside the magnetospheric sur face ,  the f low of matter can 
be s p h e r i c a l ,  r a d ia l ,  e t c . ,  but in s id e ,  the matter  i s  channel led along 
the magnetic f i e l d  l i n e s .  Therefore, Chanmugam' and Wagner (1977) 
proposed th a t  the fo rmat ion  of an accre t ion  d isk  in AM Her may not be 
p o ss ib le .  Instead, the matter  forms an accre t ion  column above one or 
both magnetic poles (see F ig .  1 .8 ) .  In a d d i t i o n ,  the s trong magnetic 
f i e l d  i n t e ra c t s  w i th  the companion s ta r  fo rc in g  the whi te  dwarf to  
r o ta te  synchronously (Joss et a l . 1979; Chanmugam and Dulk 1983; Lamb et 
a l . 1983; Campbell 1983; see sec t ion  I I  of  t h i s  chapter f o r  a more 
d e ta i le d  d iscuss ion  o f t h i s  model).
Theore t ica l  s tud ies  of cyc lo t ro n  ra d ia t io n  from hot magnetized 
plasmas by Chanmugam and Dulk (1981) and Meggi t t  and Wickramasinghe 











F ig .  1 . 4 . — Linear  p o la r i z a t i o n  observat ions (upper) and photometry 
( lower)  o f AM Her obtained on 1976 August 16 (JD 2 ,443 ,006 .6 ) .  Small 
and la rge  symbols in d ic a te  sample t imes of 30 and 60 s, r e s p e c t iv e ly .  
Dots and c i r c l e s  represent the V and U bands, r e s p e c t i v e l y .  One 
standard d e v ia t io n  e r ro r  bars have been added to  the p o la r i z a t io n  
observed in  the V band. From Tapia 1977.
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F ig .  1 .5 .— C i r c u la r  p o la r i z a t i o n  o f  AM Her observed in  the V band.
The data , obtained on 1976 September 17 (do ts )  and 18 (b a rs ) ,  have been 
p lo t te d  in  terms o f the phase of the l i n e a r  p o la r i z a t i o n  pulse.
V e r t i c a l  and ho r izo n ta l  bars represent measurements made w i th  the 
p o la r im e te r  at two perpend icu la r  o r ie n t a t i o n s .  E r ro r  bars t y p ic a l  of 
two standard d ev ia t ions  are also in d ic a te d .  From Tapia 1977.
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The normal ized Stokes parameters desc r ib ing  the l i n e a r  
of AN UMa in the blue l i g h t .  Each symbol is  based a 1 inin 
From Krzeminski and Serkowski 1977.
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Phase
F ig .  1 .7 . - - C i r c u l a r  p o la r i z a t i o n  of AN UMa in  the U, B, and V bands 
a fu n c t io n  of phase from the maxima of l i n e a r  p o la r i z a t i o n .  From 
Krzeminski and Serkowski 1977.
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a cc re t ion  column
whi te  dwarf
/
1 0 ^ cm >|j*" cm ---------------
F ig .  1 . 8 . --11 l u s t r a t i o n  (drawn to  sca le) o f  a catac lysmic  va r ia b le  
w i th  an accre t ion  column. The magnetic f i e l d  of the whi te  dwarf is  
s u f f i c i e n t l y  s trong to  prevent the fo rmation of an acc re t ion  d isk .  
Instead, an acc re t ion  column forms. A standing shock(s) forms at the 
magnetic po le (s )  of the whi te  dwarf .  The dashed l i n e  represents the 
Roche lobe p o te n t ia l  (see F ig .  1 .1 ) .  The dot-dashed l i n e s  represent the 
l in e s  of force o f a magnetic d ip o le  which is  i n c l in e d  at an angle 6  to 
the axis of r o ta t i o n  of the whi te  dwarf.
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a ccre t ion  column are able to  exp la in  the l i n e a r  p o la r i z a t io n  pulse and 
the p e r io d ic  behavior of the c i r c u l a r  p o la r i z a t i o n .  The po la r ized  
ra d ia t io n  is  a re s u l t  o f  cyc lo t ron  emission at harmonic numbers s ~ b - iu  
in a plasma at a temperature kT = 1 keV (Chanmuyam and Dulk 1981) or
w ith  s ~ 15 and plasma temperature kT = 2U keV (Meyy i t t  and
Wickramasinghe 1982). These c a lc u la t io n s  imply th a t  B ~ 2  x 1U^ yauss, 
an order o f magnitude less than the i n i t i a l  es t imate .  This re s u l t  is
cons is ten t  w ith  the values of 2 x 10^ yauss obtained fo r  AM Her
(Schmidt,  Stockman, and Maryon 1981; Latham, L ie b e r t ,  and S te iner  1981; 
Hutchings, Crampton, and Cowley 1981) and CW 11U3+254 (Schmidt,  Stockman 
and Grandi 1983) us iny Zeeman spectroscopy and of 3 x l l)^ yauss f o r  VV 
Puppis (VV Pup) from observat ions of o p t i ca l  cyc lo t ron  l in e s  
(Visvanathan and Wickramasinyhe 1979; Wickramasinyhe and Meyy i t t  1982).
The major problem w ith  these e a r l i e r  cyc lo t ro n  c a lc u la t io n s  is  th a t  
the models p r e d i c t ,  under c e r ta in  co n d i t io n s ,  f r a c t i o n a l  p o la r i z a t io n  of 
~ 1UU%, whereas the observed c i r c u l a r  p o la r i z a t i o n  from AM Her b in a r ie s  
is  less than * 40% (1114+182, Bierman et al . 1982; AN UMa, Krzeminski 
and Serkowski 1977).
In t h i s  t h e s i s ,  improvements are made to  these e a r l i e r  c a lc u la t io n s  
in order to  take account of bremsstrahluny and Thomson s c a t te r in g  which 
were p rev ious ly  ignored. In a d d i t i o n ,  of the ten known AM Her b ina r ies  
(see Table 1 .2 ) ,  only one, VV Pup, on a rare occasion has e xh ib i te d  
cyc lo t ro n  l in e s  in  i t s  spectrum. C a lcu la t ions  are made to  determine the 
cond i t ions  under which d i s t i n c t  cyc lo t ron  l in e s  are observable in these 
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The model of AM Her b in a r ies  has s t im u la ted  the idea th a t  po lars  
might be, as the p rove rb ia l  phrase goes, ‘ j u s t  the t i p  of the iceberg '  
f o r  magnetic CVs, and th a t  a large number of CVs w ith  a smal le r  or
l a rg e r  magnetic f i e l d  than the f i e l d  s trength  in  AM Her b in a r ies  might
a lso e x i s t .  CVs w i th  B < 10^ gauss may conta in  both an acc re t ion  column 
ins ide  and an acc re t ion  d isk outs ide the magnetosphere. The acc re t ion  
d isk  would apply torques near the magnetospheric surface fo r c in g  the 
whi te  dwarf to  r o ta te  asynchronously ( i . e .  at the o r b i t a l  per iod of the 
inner  edge of the a cc re t ion  d i s k ) .  Warner (1983) int roduced the 
c l a s s i f i c a t i o n  " in te rm e d ia te  po la r "  to  descr ibe these b in a r ie s  and 
suggested th a t  the estab l ishment of t h e i r  i d e n t i t i e s  might not be as 
d i r e c t  as the AM Her b in a r i e s .  As a r e s u l t ,  the method of c l a s s i f y i n g  a
CV as an in te rmed ia te  po la r  is  due to  the m a n i fes ta t io n  of two or more
periods (the o r b i t a l  pe r iod ,  the r o ta t i o n a l  period of the whi te  dwarf,  
and u s u a l l y ,  the beat period between the two) in  the observed l i g h t  
curve o f CVs.
The po la rs  and in te rmed ia te  po lars combine to  form the subclass,  
magnetic CVs. Recent ly,  an o b je c t io n  was made against the 
c l a s s i f i c a t i o n  " in te rm e d ia te  po la r "  (Patterson 1984). F i r s t ,  no 
in te rmed ia te  po la r  c o n c lu s ive ly  shows any p o la r i z a t i o n .  There fo re, they 
are not po la rs  in  the s t r i c t  sense of the word. Second, there  i s  only 
one type of p o la r .  Thus, what is  the in te rm ed ia te  po la r  in te rmed ia te  
to? There fore ,  the term in te rmed ia te  is  vague. Because these 
o b jec t ions  are v a l i d  and no b e t te r  term has gained approva l ,  the terms 
po la r  and in te rmed ia te  p o la r  w i l l  not be used in t h i s  t h e s i s .
Henceforth , the more w ide ly  accepted usage of AM H ercu l is  (AM Her) 
b inary  (see Table 1.2) and DQ Hercu l is  (DQ Her) b inary  (see Table 1.3)
Table 3
DQ HERCULIS BINARIES
Star porb/amP fflv 
(min/%)
pbeat/amP
(m in /t )
pspin7a,nP





EX Hydrae 98 .2 13 .5 67 . 4 . 5 x l 0 ' n U . l - 6 >M2 comp
4b 3U 1 . 2 . 3 , 4 , 5 , 6
3A 0729+103 194.2 14 .5 15.22 < 2 x l 0 ‘ lu 0 . 3 - 4 1.7
8 3-15
TT A r i e t l s 198.0 10 .6 191.4 8 , 9 , 1 0
V1223 S a y l t t a r l i  2 02 . 8 13 .4 13.24 12 .50 < 5 x l O ' U 0 . 5 - 5 1 . 1 1 , 1 2
(4U 1849-31) 3 - - l b 3 -15
AO Plsclum 21 5.5 13 .3 14.31 13.42 < 2 x l 0 ' 10 0 . 3 - 3 1 , 1 3 , 1 4 , 1 5 , 1 6 , 1 7
(H22S2-U3S) 10 5 2 > MO
H2216-086 2 4 1. 5 13 .5 2 2 . 8 2 0 . 9 < 2 x l O ' 1U U. 1-3 1 , 1 8 , 1 9
< 40 40 MO
Dl) H e r c u l i s 2 7 8 . 8 14 .6 1 . 18 8 . 3 x l O ' 1Z 0 . 6 1 , 2 0 , 2 1 , 2 2 , 2 3
21 2-21 M3
TV Columbae 329.2 13 .5 5795. 31 1.5 < 5 x l O " 7 0 . 3 - 1 , 2 4 , 2 5 , 2 6 , 2 7 , 2 8
( 3A 0 5 26 - 328 ) 6 13 11 100
V533 H e r c u l i s * - 4 0 3 . 2 15 .7 1.U6
-  1
< 3x10 0 . 6 1 ,29
AE Aqu ar i i 5 92 . 8 11.5 0 . 5 5 < 5 x l O " 14 0 . 06 1 , 3 0 , 31





[ * Vb33  h e r c u l i s may be a p u l s a t i n g w h i t e  dwarf (Robinson and Nathan 1 9 8 3 ) . J
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which are the proto types of each c l a s s i f i c a t i o n  w i l l  be used.
An h i s t o r i c a l  perspec t ive  o f CVs is given by Payne-Gaposchkin 
(1977). The X-ray c h a r a c t e r i s t i c s  of CVs are discussed by Bradt and 
McClintock (1983), and Cordova and Mason (1983). Other reviews of CVs 
are by Robinson (1976), Gal lagher and S t a r r f i e l d  (1978), and L i v i o  and 
Shaviv (1982).
I I .  PHYSICS OF ACCRETION IN MAGNETIC CVS
In t h i s  se c t io n ,  the accre t ion  process w i l l  be discussed usiny 
simple arguments and assumptions about CVs. F i r s t ,  an est imate of the 
lum inos i ty  of CVs w i l l  be found. Next, changes in  the geometry of the 
system w i l l  be discussed as a re s u l t  of  the d is ru p t io n  of the accre t ion  
disk by a strong magnetic f i e l d .  F i n a l l y ,  the physical  cond i t ions  near 
the surface of the whi te  dwarf due to  the fo rmation of a "stand o f f "  
shock w i l l  be in v e s t ig a te d .  This b r i e f  d iscuss ion o f  acc re t ion  in  CVs 
w i l l  provide a basis f o r  the more d e ta i le d  d iscuss ions in  the succeeding 
chap te rs .
The major lu m in o s i ty  component in  CVs is  due to  the acc re t ion  
process. S p e c i f i c a l l y ,  t h i s  lum inos i ty  is  der ived from the increase in  
k i n e t i c  energy of the accreted matter  as i t  acce le ra tes in  the strony 
g r a v i t a t io n a l  f i e l d  of the whi te dwarf.  The ex is tence of other  
lu m in o s i ty  components, such as ( 1 ) thermonuclear reac t ions  - e i t h e r  
steady nuclear  burning which may be l i k e l y  in  some CVs (see e .g .  Imamura 
1981) or a thermonuclear runaway which is  the most l i k e l y  mechanism fo r  
ou tburs ts  of c la s s ic a l  novae (see e .g .  Schatzman 1949; K ra f t  1964), or 
( 2 ) i n s t a b i l i t y  in the i o n i z a t i o n  s t ru c tu re  of the d isk  which may 
exp la in  the ou tburs ts  of dwarf novae (see e .g .  Meyer and Meyer- 
Hofmeister  1981), w i l l  not be discussed in  t h i s  t h e s i s .  Only the 
a cc re t ion  process and those m o d i f ica t io n s  of the a cc re t ion  process which 
are produced in the presence of a strong magnetic f i e l d  w i l l  be 
di scussed.
The maximum rad ian t  energy released from matter  f a l l i n y  onto a 
compact ob jec t  (whi te  dwarf ,  neutron s ta r ,  or black hole) cannot be
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g rea te r  than the a v a i la b le  g r a v i t a t io n a l  energy:
ha. = , ( 1 . 1 1
where G is  the g r a v i t a t i o n a l  cons tan t ,  M and K are the mass and radius 
of the compact o b je c t ,  and m is  the mass of the accreted m a te r ia l .  
L ikew ise,  the t o ta l  lum inos i ty  L cannot be g rea te r  than the acc re t ion  
ra te  onto the compact ob je c t :
where m is  the a cc re t ion  ra te .  I n s e r t in g  values c h a r a c t e r i s t i c  of an 
acc re t ing  whi te  dwarf ,  the lum inos i ty
Lw = 1 .34 x 103 3  (— ) (-------   ) (— ------ ) - 1 ergs s - 1. (1.3)
WU M 0  1 0 1 6  y s ' 1 1 0 9  cm
S i m i l a r l y ,  the lum inos i ty  o f an a cc re t ing  neutron s ta r  i s  approximately 
1 0 ^ g rea te r  than a whi te  dwarf ,  because the neutron s ta r  has a much 
smal le r  radius (RN$ -  1 0 ^ cm).
The ra d ia t i o n  pressure may become s u f f i c i e n t l y  s trong to  slow and 
e ven tua l ly  to  h a l t  the i n f a l l  of the accreted m at te r ,  thereby s e t t i n g  an 
upper l i m i t  to  the a cc re t ion  lum in o s i ty  of a compact o b je c t .  The l i m i t  
is  found by equat ing the r a d ia t io n  fo rce  and the g r a v i t a t i o n a l  fo rce  on 
the i n f a l 1 ing mat te r :
ot L GMm
d - ’ )
4 nR 2f  c R 2
where oy is  the Thomson s c a t te r in g  c ro s s -s e c t io n ,  c the speed of l i y h t ,  
and nip the mass of the p ro ton .  The parameter f  = A /4 ttK^ i s  the r a t i o  of 
the surface area of the e m i t t i n g  region A to  the sur face  of the compact 
o b je c t .  This parameter is  ca l le d  the po la r  cap f r a c t i o n  and is  
important in  the d iscuss ion of accre t ion  onto magnetic CVs which w i l l  be 
discussed l a t e r .  For the present d iscuss ion ,  the e m i t t i n g  region is  the 
e n t i r e  surface o f the compact o b je c t ,  so f  = 1. This lu m in o s i ty  is  
ca l led  the "Eddington l i m i t "  (Eddington 1926):
4 tt cm,, GMf 
I = ^
Edd ay
= 1.25 x 10 3 8  (JJ-) ( f )  erg s " 1. (1 .5 )
1 e
The s u b s t i t u t i o n  o f equat ion (1 .2 )  f o r  the lum inos i ty  in  equat ion (1.5) 
gives a maximum acc re t ion  ra te  f o r  CVs:
4tt cm.. Rf
m = t3
= 1 0 2 1 (_J*------) ( f )  g s ' 1. ( 1 . 6 )
1 0  9  cm
Thus, an a cc re t ion  ra te  of 10*^ g s ' *  ( f o r  f  = 1 ) ,  found in  CVs, i s  much 
less than the a cc re t ion  ra te  set by the Eddington l i m i t .
A l l  CVs probably have a magnetic f i e l d  of some s t re n g th .  Therefore 
the magnetic CV is  de f ined ,  not by the presence of a magnetic f i e l d  in  
the wh i te  dwarf ,  but by the s t rength  o f  i t s  magnetic f i e l d .  When the 
energy dens i ty  of the magnetic f i e l d  i s  g rea te r  than the k i n e t i c  energy 
dens i ty  of the accreted mat te r  (which is  assumed to  be f u l l y  i o n iz e d ) ,
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6 2 ( r )  s p ( r )  v 2 ( r )  ( 1  7)
-   2  5 U , / j
the magnetic f i e l d  channels the acc re t ing  matter  along the f i e l d  
l i n e s .  I f  the magnetic f i e l d  is  assumed d ip o la r  (B ( r )  = BQ(RWQ / r ) G) and 
the mass dens i ty  p and v e lo c i t y  v take t h e i r  f ree  f a l l  values ( p f f  = 
LR^D/^SMVffr^, V f f  = ( 2 G M / r ) ^ ^ ) ,  then the radius at which the energy 
d e n s i t ie s  are equal is  ca l led  the Al fven radius rA or the magnetospheric 
radius and is  given approximate ly by (Lamb, Pe th ick ,  and Pines 1973; 
Chanmugam and Wagner 1977):
/G x ] / 7  V 7  - 2 / 7  V 7  1 0 / 7  
PA = 32" B L M R ’
* 4  x  l u l 1  — q r 2 / ?a 1U-3a erg $ 1
X (Ws)1 /7 ( - ^ -------------------------------------------------------------------------------- ( 1 -8 )
1 0 3  cm
In t h i s  t h e s i s ,  the co n d i t io n  rA > R^q de f ines a magnetic CV. For a 
whi te  dwarf,  the minimum magnetic f i e l d  s t reng th  Bm-jn necessary to  
s a t i s f y  t h i s  co nd i t ion  is  found by s e t t i n g  rA = RWq ,
= 3.4 x 10 3  (----------- -̂------ — ) 1 / 2   ) " 3/1+ gauss. (1 .9 )
1 0 3 3  ergs s 1 1 0 9  cm
Because the mat te r  must f low along the magnetic l in e s  o f fo rce ,  the
acc re t ing  matter  reaches the sur face o f the whi te  dwarf at the inaynetic 
poles.  I f  r A >> Rwd, then the d i r e c t i o n  of the magnetic f i e l d  at the 
poles is almost perpend icu la r  to  the surface of the s t a r .  Therefo re, the 
mass f low near the surface ( r  < 2 R Wq )  i s  -  to  a good approximation -  
rad ia l  and forms an accre t ion  column. The r a t i o  of the c ross -sec t iona l  
area o f the accre t ion  column at the s t e l l a r  surface to  the area of the 
s t e l l a r  sur face is  the po la r  cap f r a c t i o n  and is  approximate ly (Kiny and 
Lasota 1980):
RWD G - 1 / 7  - 4 / 7  2 / 7  - 1 / 7  - 3 / 7  
f  = ——  = (̂ 575-) B L M R '  ,
A ^
-  2.5 x lU -3 (  B ) - V 7( L ^ Z 7
1 0 8  gauss 1 0 3 3  ergs s 1
* I ' 7 7 '  t 1 -1" )
1 0 s cm
I f  a l l  the r a d ia t io n  is  emit ted at the po la r  cap, then the Eddington 
lum inos i ty  fo r  magnetic CVs is
L = 3.1 3 x 10 3 5  (JJ-) (------- 1 --------- ) ergs s’ 1. (1.11)
taa 2.5 x 10" 3
This lum in o s i t y  is  much less than the Eddington lu m in o s i ty  f o r  
nonmagnetic CVs, but the lu m in o s i ty  is  s t i l l  g rea ter  than the 
observed lu m in o s i t i e s .
For the co n d i t io n  o f rad ia l  a c c re t io n ,  the format ion of a 
"stand o f f "  shock (Aizu 1973; Hoshi 1973; see F ig .  1.9) above the 
magnetic pole is  expected w i th  the postshock cond i t ions  given by the 





F iy .  1 . 9 . - - I l l u s t r a t i o n  o f  the postshock region at the 
magnetic pole of the wh i te  dwarf .  A standiny shock forms above 
the  surface of the wh i te  dwarf heat iny  the accreted m a t te r .  The 
hot magnetized plasma emits cyc lo t ro n  ra d ia t io n  in  the o p t i c a l  
spectrum and bremsstrahluny in  the hard X-ray spectrum.
k T i  ■*> k T 2 = ( 3 / 1 6 ) ^mp v ^ f  , ( 1 . 1 2 a )
P i  -► p2 = 4 p i  = -----   , (1.12b)
-R2f
Vi -*> v 2  = vf f / 4 ,  ( 1  . 1 2 c)
where subsc r ip ts  1  and 2  i n d ic a te  preshock and postshock parameters, 
r e s p e c t iv e ly ,  and p is  the mean molecu lar p a r t i c l e  number (p = 1 / 2 , f o r  
an e le c t ro n -p ro to n  plasma). Therefo re, the expected temperature and 
number dens i ty  (= p^/m f )  of the postshock f o r  maynetic CVs usiny 
equat ions ( 1 . 1 2 a) and ( 1 . 1 2 b) are:
k T 2  = 26.1 ( { ^ K
1 0 9




= 4 x 10 > 3  (-------2--------- ) ( " --) - 1 /2 ( _ S ----- ) - 3/ 2(------ ' ---------  ) - l  cm"3.
1 0 lb y s ' 1 m  1 0 9  cm 2 . 6  x 1 U" 3
(1 . 14)
The temperature of the postshock is  much y re a te r  than the i o n i z a t i o n  
eneryy o f hydroyen (kT^on = 13.6 eV). Hence, the plasma which is  
composed of e lec t rons  and protons i s  considered complete ly  ion ize d .
The s teady -s ta te  he iyh t  of the postshock h (see Lanyer,  Chanmuyam, 
and Shaviv 1982 f o r  t ime dependent o s c i l l a t i o n s  of the postshock h e iyh t )
i s  found by ta k in y  the product of the postshock v e lo c i t y  and the coo l iny  
t ime ( t coo] )  of the plasma (h = v ^ f  t cooi / 4 ) .  means th a t  the
k i n e t i c  eneryy acquired du r iny  acc re t ion  must be rad ia ted  away by the 
t ime the matter  reaches the whi te  dwarf su r face .  I f  bremsstrahluny 
emission w i th  e m is s iv i t y
J(T)  = 2.4 x 1 0 “ ^  erys cm“ ^ s " * ,  (1.1b)
is  the dominant r a d ia t i v e  process in  the postshock reg ion ,  where the 
bremsstrahlung coo l ing  t ime (Tucker 197b)
t  = 3NkT 
brem J ( T ) ’
= ° ' l a 6  ( l O e T > ‘ / 2  (^ I T — s > ( 1 ' 16>
1 0  ib cm d
then the height of the postshock i s :
h = 2.5 x 107 ( kT ) 1/ 2( N ( M } V 2{— K------ ) - 1/ 2 cm<
brem ^ T t T W '  i q I 6  cm~ 3 ; W  J
(1.17)
On the o ther  hand, i f  cyc lo t ro n  r a d ia t io n  is  the dominant r a d ia t i v e  
process, then the he igh t  o f  the postshock i s  less than the the 
bremsstrahlung postshock height because the cyc lo t ro n  coo l ing  t ime is  
much less than the bremsstrah 1 ung coo l ing  t im e .
To est imate  the cond i t ions  at which cyc lo t ro n  and b remss t rah luny 
emission are equal,  Lc^ c = Lbrem = the cyc lo t ro n  lum in o s i ty
i s  approximated by a Hayleigh-Jeans spectrum of frequency u*:
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kT2( o.*) 2
4"R 2 Df ,  (1.18)
C* C 12,3 c 2
where a .*  i s  the frequency at which the o p t ic a l  depth t  ~ 1. The 
spectrum is then t runcated  above u* because the plasma becomes o p t i c a l l y  
t h i n .  The re s u l t s  of d e ta i le d  numerical  c a lc u la t io n s  by Lamb and Masters 
(1979) are presented in  F iyure 1.10 f o r  var ious scaled lu m in o s i t ie s  
( L / f )  and magnetic f i e l d s .
Bremsstrahlung u su a l l y  dominates in  the UV and X-ray par ts  of the 
spectrum (see Masters 1978; Imamura 1981; see F ig .  1 .1 1 ) ,  wh i le  
cyc lo t ro n  emission is  dominant in  the i n f r a re d ,  o p t i c a l ,  and, p o ss ib ly ,  
near-UV parts  of the spectrum. The concern of t h i s  th e s is  is  a 
comparison o f t h e o re t i c a l  models and observat ions of cyc lo t ro n  




F ig .  1 .10 - -  This diagram is  re levan t  to  s p h e r i c a l l y  symmetric 
a cc re t ion  at ra te  m g s"*  onto a magnetic whi te  dwarf of mass 1 M0 , 
rad ius 5 x 10^ cm and sur face f i e l d  B gauss. The l i n e  on which 
bremsstrahlung and cyc lo t ro n  emission are comparable is  drawn fo r  
var ious values of u - * / ^ ,  the cyc lo t ro n  harmonic above which the e m i t t in g  
region i s  o p t i c a l l y  t h i n .  I t  is  expected 120 > > 2b. The dashed
l i n e  derived (e r roneous ly )  by Fabian _et_ aj_. 1976, i s  also shown. In 
p r a c t i c e ,  w i l l  be a s low ly  decreasing fu n c t io n  of B ( f o r  a given
value of m ).  i t  is  th e re fo re  expected the t ru e  curve to  be ( l i k e  th a t  
in  Fabi an _et_ aj_. 1976) s l i g h t l y  less steep than the l in e s  drawn here fo r  
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F ig .  1 .1 1 .— Theore t ica l  spectrum of an AM Her b inary  of 1 M0  and B = b 
x 107  gauss at a normalized l u m in o s i t ie s  of L / f  = lU ^ 7  and l l p s . The 
abbrev ia t ions  CYC, BB, and BREMS represent c y c lo t ro n ,  blackbody, and 
bremsstrahlung r a d ia t io n  in  the o p t i c a l ,  UV, and X-ray band, 
re s p e c t i v e l y .  From Lamb and Masters 1979.
CHAPTER 2
RADIATION FROM HOT MAGNETIZED PLASMAS
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I .  CHARACTERISTICS OF A HOT MAGNETIZED PLASMA
a) In t ro d u c t io n
The propagation of ra d ia t io n  in  a f u l l y  ion ized  homoyeneous plasma 
w i thou t  an ex te rna l  maynetic f i e l d  i s  i s o t r o p i c  ( i . e  the r a d ia t io n  does 
not have a p re fe r red  d i r e c t i o n  o f p ropaga t ion ) .  By in t ro d u c in g  a 
maynetic f i e l d  i n t o  the plasma, the i so t ro py  of the plasma is  destroyed 
(Ginzburg 1970). The a n is o t ro p ic  plasma i n t e r a c t s  w i th  the ra d ia t io n  
propagatiny pe rpend icu la r  to  the magnetic f i e l d  d i f f e r e n t l y  than w ith
the r a d ia t io n  propagating p a r a l l e l  to  the magnetic f i e l d ,  and is
th e re fo re  c a l le d  a maynetoact ive plasma. The magnetic f i e l d  also causes 
the charged p a r t i c l e s  to  gyrate  around the magnetic f i e l d  (see F iy .
2 .1 ) .  Since the charyed p a r t i c l e s  are being acce le ra ted ,  they must emit 
r a d ia t io n  which i s  ca l le d  c y c lo t r o n ,  yy ro synch ro t ron , or synchrot ron 
r a d ia t i o n .  This re s u l t s  in  the emit ted ra d ia t i o n  from the plasma be iny 
frequency dependent ( c y c lo t ro n  l i n e s ) ,  anyle dependent (beaminy with  
respect to  the magnetic f i e l d ) ,  and, p o s s ib ly ,  p o la r ized  ( l i n e a r  and 
c i r c u l a r  p o l a r i z a t i o n ) .  These p ro p e r t ie s  of the emit ted r a d ia t io n  as 
they apply to  magnetic CVs w i l l  be discussed in Chapters 3 and 4.
In t h i s  s e c t io n ,  the p ro p e r t ie s  and p a r t i c l e  behavior of hot 
magnetized plasmas are d iscussed. A T - B (temperature -  magnetic f i e l d )
plane is  used to  de f ine  and de l in ea te  the c la s s ic a l  and quantum
mechanical domains of c y c lo t r o n ,  yy rosynchro t ron ,  and synchrotron 
r a d ia t i o n .  This sec t ion  ends w i th  a d iscuss ion  o f the e f f e c t s  of 
c o l l i s i o n s  on r a d ia t i v e  processes (ab so rp t io n ,  emiss ion, s c a t te r in g )  in 
hot maynetoact ive plasmas.
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F iy .  2 .1--An e le c t ro n  w i th  v e lo c i t y  v y y ra t in y  in  a constant maynetic 
f i e l d  B which i s  p a r a l l e l  t o  the z - a x is .  The p o s i t io n  of the e lec t ron  
makes an anyle <|> w i th  the x - a x is .
A fundamental parameter which is  used to  describe plasmas is  the
_ 1 / 2
Debye length Ay = (kT/4irNe/ ) (e .y .  see Ginzburg 1970; Ichimaru 
1973). This parameter is  the e f f e c t i v e  screening lenyth  f o r  a s in y ly  
charged p a r t i c l e  in the plasma. For distances nearer than Ay the 
e f f e c t i v e  p o te n t ia l  o f  the charged p a r t i c l e  i s  approximately  th a t  of a 
bare charge. I f  the d is tance is  f a r t h e r  than A y ,  then the e f f e c t i v e  
p o te n t ia l  decreases e x p on e n t ia l l y  ( i . e .  the charged p a r t i c l e  i s  a f fec ted  
by other  charged p a r t i c l e s  only w i t h in  a few Ay). Consequently,  a 
d is turbance to  the e q u i l ib r iu m  s ta te  of the plasma w i l l  cause the 
charyed p a r t i c l e s  to react e i t h e r  c o l l e c t i v e l y  or i n d i v i d u a l l y  depending 
on the c h a r a c t e r i s t i c  wavelength of the d is tu rbance .  More s p e c i f i c a l l y ,  
an e lec t romagnet ic  wave w i l l  i n t e r a c t  i n d i v i d u a l l y  w i th  each p a r t i c l e  
when the wavelenyth A < A y .  I f  A > A y ,  the p a r t i c l e s  w i l l  i n t e r a c t  
c o l l e c t i v e l y  w ith  the wave. Therefo re, a plasma may e x h ib i t  e i t h e r  
c o l l e c t i v e  or in d iv id u a l  p a r t i c l e  behavior .
In the postshock of magnetic CVs, the e le c t ron  number dens i ty  IN̂ ~ 
10^® cm~3 and kT ~ 1U keV (p. 24) ,  thus .
Ay « 7 (kT/10 keV)1/  (N2 / 1 0 1 6  cm"3)"  ̂ urn. (2 .1 )
This lenyth  is  much la rg e r  than the wavelenyth of o p t i c a l  ra d ia t io n  A 
» 0 .4 - 0 . 8  microns. There fore ,  the plasma w i l l  e x h ib i t  in d iv id u a l  
p a r t i c l e  behavior at these wavelengths. I f  the wavelenyth of the 
ra d ia t io n  is  increased to  A ~ 7 microns (the f a r  i n f r a r e d ) ,  then
A » Ay and the charyed p a r t i c l e s  w i l l  behave c o l l e c t i v e l y .  C o l le c t i v e
p a r t i c l e  behavior w i l l  a lso become important i f  A « 0.7 microns and the 
cond i t ions  in the postshock are such th a t  A » 0.7 microns ( kT < 0.1
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keV, or N2  > 10i y  ci tT^). When the wave in t e r a c t s  c o l l e c t i v e l y  w ith  the 
charyed p a r t i c l e s  in  a magnetized plasma, the d i f f e r e n t  types of waves 
th a t  may propagate are acous t ic  waves, low-frequency waves, and 
hydromagnetic waves (e .g .  see Ginzburg 1970; Ichimaru 1973). I f  a 
magnetized plasma e x h ib i t s  in d iv id u a l  p a r t i c l e  behavior w i th  an 
e lec t romagnet ic  wave (to > 2 h c / \ q ) ,  and has a s u f f i c i e n t l y  weak magnetic 
f i e l d  so th a t  to >> QD, where c l  (= eB /m c)  i s  the ion cyc lo t ro n
D  D P
f requency, then only one type o f wave, a h igh- frequency wave (Ginzbury
1970), w i l l  propagate in  the plasma.
In t h i s  t h e s i s ,  the d iscuss ion  of waves propagating in  a
maynetoactive plasma w i l l  henceforth be l im i t e d  to  the frequency
range: (1 /2 )  tô  < w < 25tuy (F ig .  2 .2 ) ,  and thus to  high frequency waves
because to > >> Qg where tog (= eB/mec = (mp/me )Qg) is  the e lec t ron
cyc lo t ron  frequency.  These frequencies are p r a c t i c a l  l i m i t s .  The lower
frequency ( ( l / 2 )tog) i s  chosen so th a t  the cyc lo t ro n  spectrum inc ludes
the e n t i r e  absorpt ion p r o f i l e  of the fundamental c yc lo t ro n  harmonic. The
upper frequency (25tog) is  chosen because th a t  frequency is  rouyhly  the
harmonic at which the cyc lo t ro n  absorpt ion i s  approximately  equal to  the
absorpt ion  from c o l l i s i o n s  ( i . e .  inverse bremsstrahluny and Thomson
s c a t t e r i n g ,  which dominates bremsstrahluny at temperatures and dens i t ies
found in  the postshock).  An actual lower frequency l i m i t  (Pawsey and
Bracewel l  1955; Ginzbury 197U; Ramaty 1969) using the cold plasma
approximation (see p. 62) i s  (wu h ) 0  = up f o r  the o rd ina ry  mode and
(u>uh)x = 0 / 2 )ug + ( ( l /4 )u ,g 2 ) 1 / 2  f o r  the e x t ra o rd in a ry  mode of wave
r?  *?propagation (F ig .  2 .3 ) ,  where m  c  = 4itNeVm is  the plasma frequency.
These f requencies are c a l le d  the upper-hybr id  frequencies and are the 
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F ig .  2 . 2 . — Spectrum of c yc lo t ro n  absorpt ion c o e f f i c i e n t  ( s o l i d  l i n e )  
at 50 keV and S -  60°. The dashed l i n e  represents the bremsstrahl ung 
absorp t ion  c o e f f i c i e n t  at 50 keV. The steeper slope of the cyc lo t ron  
absorpt ion c o e f f i c i e n t  as compared to  the bremsstrahl ung absorpt ion 
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F ig .  3.3 — a) -  k diagrams of a cold magnetized plasma i n d i c a t i n y  the 
"s top bands" in both ( l e f t  and r i g h t  c i r c u l a r l y  p o la r ize d )  modes of wave 
propaga t ion .  The fu n c t io n a l  r e la t io n s h ip  o f  wand k in  a cold magnetized 
plasma is  in d ica te d  by the s o l i d  l i n e s .  The dashed l in e s  in d ic a te  t h i s  
r e la t i o n s h ip  in  f ree -space .
i s  not a l lowed. At these f requenc ies ,  the index of r e f r a c t i o n  ( i . e .  the 
real par t  of  the complex index of r e f r a c t i o n )  is  zero. In an 
inhomoyeneous plasma, the e x t ra o rd in a ry  and o rd ina ry  modes w ith  
frequency w w i l l  be re f l e c te d  at depths where w =  wyr,)x 0  
respect i  v e l y .
F i n a l l y ,  The absorp t ion  of ra d ia t io n  by protons is  of order  of 
(me/ mp)^ (~ 2 .b x IQ"'7) t imes the absorpt ion by e lec t rons  and is  
th e re fo re  n e g l i g i b l e .
b) The T - B Plane
The c a l c u la t i o n  of r a d ia t i v e  processes in  a magnetized plasma can 
be d iv ided  i n t o  fo u r  cases (see F iy .  2.4) depending on the importance of 
quantum and r e l a t i v i s t i c  e f f e c t s .
In a quantum mechanical d e s c r ip t io n  of r a d ia t i o n ,  one assumes 
d is c re te  r a d ia t i v e  processes and considers the re c o i l  of the e lec t ron  
du r iny  the r a d ia t i v e  process. I f  the energy of the ra d ia t i o n  i s  much 
less than the energy of the e le c t ro n  (hw << kT),  then the re c o i l  of  the 
e le c t ron  is  usua l ly  neglected dur ing the r a d ia t i v e  process, and the 
r a d ia t i v e  process i s  assumed to  occur con t inu o u s ly .  Under these 
c o n d i t i o n s ,  c la s s ic a l  e lect rodynamics is  used. But t h i s  c r i t e r i o n  (hu << 
kT) may be i n v a l i d ,  depending on the s t reng th  of the magnetic f i e l d ,  
when the energy o f the e le c t ro n  becomes r e l a t i v i s t i c  (see F ig .  2 .4 ) .
This occurs when the energy o f peak emission of the emit ted r a d ia t io n  
du r iny  one cyc le  approaches the k i n e t i c  energy of the e le c t r o n .  Because 
ra d ia t io n  is  emit ted d i s c r e t e l y ,  not con t inuous ly ,  quantum e f fe c t s  in  
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F ig .  2 .4 . - - T  -  B diayram in d i c a t i n g  the classes of cyc lo t ron  
r a d ia t i o n .  The diagonal l i n e  de l inea tes  the quantum and c la s s ic a l  
domains in  the n o n r e I a t i v i s t i c  approx imat ion. The cond i t ions  of 
kT, -hu^ = mc^ are ind ica te d  by the upper h o r izo n ta l  and r igh tmost 
v e r t i c a l  l i n e s ,  r e s p e c t i v e l y .  Above the curved l i n e ,  a quantum 
mechanical t rea tment must be used. The shaded areas loca te  the 
many f i e l d s  of physics and as trophys ics  where cyc lo t ro n  ra d ia t io n  
i s  an impor tant  r a d ia t i v e  process.
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o s c i l l a t i o n s  become important ( i . e  the re c o i l  o f  the e le c t ron  is  
nonneyl i y i b l e ) . The temperature at which t h i s  occurs i s  kT > ( k T ) - ^  = 
me2 (Bc/ B ) * ^  (Sokolov and Ternov 1968). The constant Bc (= m2c2/eh) =
10 O
4.4 x 1010 yauss and is  found by equat iny hu^ and me . Maynetic f i e l d s  
approachiny t h i s  maynitude have only been found in  neutron s ta r s .  For 
example, Her X- l  has a f i e l d  = b x 1012 yauss (Trumper et_ aj_. 1977 ;
Voyes _et__aj_. 1983).
A second c r i t e r i o n  determines whether r e l a t i v i s t i c  e f f e c t s  can be 
neylected or no t .  I f  kT << me2 and nw^ << me2 , then a n o n r e l a t i v i s t i c  
c la s s ic a l  or quantum treatment is  acceptable .
i ) Quantum Domai n
A quantum treatment o f r a d ia t io n  must be used when the d is c re te  
nature of the i n t e r a c t i o n  of ra d ia t io n  and matter  is  important (hw > 
kT).  In t h i s  case, the c a lc u la t io n s  are most ye n e ra l ly  made usiny 
quantum elect rodynamics (QED). When the maynetic f i e l d  B ~ B , new 
quantum e f f e c t s  become im por tan t .  The vacuum beyins to  behave l i k e  a 
medium, or becomes po la r ized  (vacuum p o l a r i z a t i o n ) .  Another quantum 
e f f e c t  is  the c rea t ion  of an e le c t r o n -p o s i t r o n  p a i r  from the decay of a 
photon w i th  eneryy hco > 2mgc2 . C a lcu la t ions  of synchrotron ra d ia t io n  
w i th  vacuum p o la r i z a t i o n  and photon decay were made by Uauyherty and 
Ventura (1978) and Bussard (1980) f o r  the neutron s ta r  Her X - l .
The cond i t ions  fo r  a n o n r e l a t i v i s t i c  quantum t reatment are found in  
metals and semiconductors in  a maynetic f i e l d  (B ~ 10^ yauss, T < 1U2 
K, e .y .  Callaway 1974; Ashcro f t  and Mermin 197b; Ryu and Choi 1984 fo r  
e lectron-phonon systems), in  the photosphere of maynetic whi te  dwarfs (B
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~ 10y gauss, T ~ 104 K, e .g .  Kemp 1970; Lamb and Sutherland 1974; Angel
1977; Pavlov, M i t ro fanov ,  and Shibanov 1980; M i t ro fanov  and Pavlov
1 ^1981), and p o s s ib ly ,  in  the photosphere o f neutron s ta rs  (B ~ 10
7
yauss, T ~ 10' K), i f  r e l a t i v i s t i c  e f f e c t s  are n e g l i g i b l e  (e .g .
M i t ro fanov  and Pavlov 1981).
i i )  C lass ica l  Domain
In the c la s s ic a l  domain (liuiy << kT),  the r a d ia t i v e  process of 
y y ra t in y  e lec t rons  in  a magnetized plasma is  d iv ided  i n t o  th ree classes 
according to  the value of the Lorentz f a c t o r  y  [= ( l - B ^ ) ^ J .  The f i r s t  
c lass which is  ca l le d  cyc lo t ro n  ra d ia t io n  (or gyroresonance or 
maynetobremsstrahlung) has y  « 1 (kT < b keV). In t h i s  case, 
r e l a t i v i s t i c  e f f e c t s  can be neglected r e s u l t i n g  in  a s i m p l i f i c a t i o n  of 
the c a lc u la t io n s  w i thou t  los ing  the important behavior d isplayed by the 
plasma at h igher temperatures (e .y .  see S t i x  1962; Bekefi  1966; Ginzburg 
1970; Montgomery and Tidman 1966; Ichimaru 1973). The cyc lo t ro n  spectrum 
has sharp, narrow l i n e s ,  equa l ly  spaced in  frequency (F ig .  2 .6 ) .  The 
s t reng th  o f these l ines  decreases very ra p id ly  w itn  inc reas ing  harmonic 
number.
The second c lass which i s  ca l le d  yyrosynchrotron r a d ia t io n  has 
1 ~ T < 2 ( i . e .  the e lec t rons  are m i ld l y  r e l a t i v i s t i c ,  6 keV < kT 
< 1.6 MeV, Uulk 1986). The c a lc u la t io n s  in  t h i s  class are usua l ly  very 
d i f f i c u l t  because r e l a t i v i s t i c  e f fe c t s  are im p o r ta n t .  The harmonic l i n e  
p r o f i l e s  in  the spectrum are broader and the l i n e  peak has s h i f t e d  to  
lower frequency.  The spectrum progresses from a se r ies  o f broad peaks 
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F ig .  2 . 5 . --Spectrum o f  Cyc lo tron Absorpt ion C o e f f i c ie n ts  at 0.1 KeV, 
10.0 keV, and 1.0 MeV ( s o l i d  l i n e s ) .  The absorp t ion c o e f f i c i e n t  of 
Thomson s c a t te r i n g  (dashed l i n e )  i s  a lso shown. I t  i s  assumed here to  be 
a t r u e  absorp t ion  process. Not ice the strong dependence of the l in e  
w id th  on temperature .
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C a lcu la t io n s  of gyrosynchrotron ra d ia t io n  were i n i t i a l l y  made fo r  
s tud ies  of m agne t ica l ly  conf ined fus ion  reactors (Trubnikov 1968; 
H i r s h f i e l d ,  Baldwin, and Brown 1961; Drummond and Kosenbluth 19b3;
Bekef i  1966; Tamor 1978) and have found poss ib le  a p p l i c a t io n s  in  so la r  
f l a r e  emission (Ramaty 1969; Dulk 1986) and in magnetic CVs (Chanmuyam 
and Dulk 1981; Meyg i t t  and Wickramasinyhe 1982).
The t h i r d  class which is  synchrot ron ra d ia t io n  has y  > 2 ( i . e .  the
e lec t rons  are r e l a t i v i s t i c ,  kT > l . b  MeV, and u l t r a r e l a t i v i s t i c , kT > 
bU MeV). In t h i s  c lass ,  approximations can be made f o r  y  »  1, and tne 
c a lc u la t i o n s  become eas ie r  and s impler  than the yyrosynchrotron c lass .  
The spectrum is  now completely continuous (see F ig .  2 .6 ) .  Synchrotron
ra d ia t i o n  which has der ived i t s  name from a class of e le c t ro n
a cce le ra to rs  is  suggested to  be the r a d ia t io n  mechanism in  nonthermal 
rad io  sources such as the rad io  sources a'ound some ya lax ies  and the 
Crab pu lsa r  (see e .g .  Ginzburg and S y ro va tsk i i  1969; Pacholczyk 1977).
In t h i s  t h e s i s ,  two methods are used to  c a lc u la te  r a d ia t i v e  
processes in  magnetized plasmas. In the f i r s t  method, the emission f o r  a 
s in g le  e le c t ro n  g y ra t ing  in  a magnetic f i e l d  (F ig .  2.1) i s  ca lcu la ted  
using the L ienard-Wiecher t  p o te n t i a l s  (see e .g .  Jackson 197b). The t o t a l  
emission f o r  the plasma is  then found by summing ( i n t e g r a t i n g )  the 
emission from many e le c t r o n s .  We sha l l  f o l l o w  the lead of Bekef i (1966) 
and c a l l  t h i s  the s in g le  p a r t i c l e  method. The second method uses the 
Boltzmann equat ion in  con junc t ion  w i th  the Maxwell equat ions to  
determine the d i e l e c t r i c  tenso r  i ; j  = x ,y , z  of the plasma. The 
ra te  o f absorp t ion  of r a d ia t io n  passing throuyh the plasma may then be 
found from the d i e l e c t r i c  te n so r .  We sha l l  c a l l  t h i s  second method the 
d i e l e c t r i c  fo rm u la t io n .
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C a lcu la t ions  of gyrosynchrotron r a d ia t io n  using both methods are 
d i f f i c u l t ,  s p e c i f i c a l l y  at low harmonics when the l i n e  p r o f i l e  is  
im por tan t .  The c a lc u la t io n s  are normal ly performed num er ica l ly ,  because 
a summation of several harmonics is  necessary to  ob ta in  the t o t a l  
r a d ia t io n  at a frequency. I f  the l i n e  p r o f i l e  i s  not im po r tan t ,  then an 
i n t e g r a t i o n  over harmonic number can be performed ins tead as suggested 
by Petros ian (1981). This method leads to  good re s u l t s  and the accuracy 
improves w i th  inc reas ing  harmonic number (e .g .  Robinson 1984; Robinson 
and Melrose 1984; Dulk 198b). Another numerical  technique using the 
method of steepest descents has been suggested by Drummond and 
Rosenbluth (196b) and implemented by De B a rb ie r i  (1977).
c) E f fe c ts  of C o l l i s i o n s
The previous sect ion b r i e f l y  discussed the important 
c h a r a c t e r i s t i c s  of emission, absorp t ion ,  and propagation of r a d ia t io n  in 
a magnetized plasma. But l i t t l e  mention was given to  the importance of 
e le c t r o n - io n  c o l l i s i o n s .  The pr imary importance of c o l l i s i o n s  is  to  
main ta in  an e q u i l i b r i u m  (or  Maxwel l ian) p a r t i c l e  d i s t r i b u t i o n .  Hence, 
the c o l l i s i o n  frequency w i l l  always be assumed s u f f i c i e n t l y  high to  
main ta in  a Maxwel l ian d i s t r i b u t i o n ,  whether bremsstrahlung ra d ia t io n  is  
or is  not the dominant r a d ia t i v e  process in the postshock (see Chapter 
1 ) .  I f  c o l l i s i o n s  are im po r tan t ,  then they can s i g n i f i c a n t l y  change the 
shape of the spectrum and the amount of f r a c t i o n a l  p o la r i z a t i o n  emit ted 
by the postshock. The importance of c o l l i s i o n s  w i l l  be shown in  the 
fo l lo w in g  paragraph.
The absorpt ion c o e f f i c i e n t  acoi due to  inverse bremsstrahlung is
given by the simple equat ion (Pavlov, M i t ro fanov ,  and Shibanov 1980): 
2
+ O_ P c r  ■ ,, ,
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where
v = 4/2TC-.1/ 2 Ne2 i r  _ 2 to2e 2 , 0 v
vc T T T ^ T 2  * v r  “ : -------- r *  ( }e kT '  3 m c 2e
are the e f f e c t i v e  c o l l i s i o n  and damping f requenc ies .  For postshock 
va lues, the magnitude o f the absorpt ion c o e f f i c i e n t  becomes:
‘ CO !  ■  6 - 6 s  « l u ' 9 ( I ^ 7 I ) 2 ( T 0 T i v » 3 / 2 ( u x ^ > 2 “ 1 '
By comparison, an approximate value of the cyc lo t ro n  absorpt ion 
c o e f f i c i e n t  is  (Dulk and Marsh 1982)
a = 4.8 x 109 T7B9N u '10s i n 6e. (2 .b)cy c
For 6 = 60°, kT = 10 keV, B = 3 x 10^ gauss, N = 1 0 ^  cm- ^, u = 10-*-b 
s " 1, one f inds
i = 3.8 x 10- ’   £------------ ) ’
y w  Ke 3 x 107 gauss
x ( N ) ( w ) - i o  cm- i # ( 2 . 6 )
1U16 cm-3 1015 s ' 1
Thus the two values are of s im i l a r  magnitude and hence the e f fe c t s  o f 
c o l l i s i o n s  can be im por tan t .
The expected cond i t ions  f o r  c o l l i s i o n s  to  be important are at high 
harmonics, small e, and between cyc lo t ro n  harmonics at low temperatures 
( kT < 5 keV), where the cyc lo t ro n  absorpt ion becomes very small (F iy .  
2.5)o
Another important r a d ia t i v e  process is  Thomson s c a t t e r i n y .  The 
anyu la r ,  temperature and frequency dependence of Thomson s c a t te r in y  is  
d i f f e r e n t  from those o f bremsstrahlung. Thomson s c a t t e r i n y  a f fe c t s  the 
i n c id e n t  r a d ia t io n  in  th ree  important ways: (1) I t  does not chanye the 
r a d ia t io n  spectrum, because the frequency of the sca t te red  r a d ia t io n  is  
considered to  have the same frequency as the in c id e n t  r a d ia t io n  at low 
r a d ia t i v e  energ ies .  (2) The in c id e n t  ra d ia t io n  i s  sca t te red  
a n i s o t r o p i c a l l y , thereby producing an anyular  d i s t r i b u t i o n  which is 
ca l le d  the Law of Darkeniny. (3) The angular d i s t r i b u t i o n  of the 
in c id e n t  p o la r ized  l i g h t  i s  chanyed. Such e f fe c t s  in  a very strony
maynetic f i e l d  (B ~ lU1  ̂ yauss) have been discussed by Ventura ( i y 7 8 ) .
I f  the e f f e c t i v e  s c a t te r i n y  frequency vr is  t re a te d  as an e f f e c t i v e  
c o l l i s i o n  frequency,  then a comparison w i th  bremsstrahluny can be made. 
In Figure 2.6 are shown, those cond i t ions  in  which Thomson s c a t te r i n y
is  more important than bremsstrahluny.
In t h i s  t h e s i s ,  the e f f e c t s  of c o l l i s i o n s  and Thomson s c a t te r in y  
are inc luded in  the c a lc u la t i o n  of the n o n r e l a t i v i s t i c  c yc lo t ro n  
absorp t ion  c o e f f i c i e n t  as e f f e c t i v e  c o l l i s i o n  and damping frequenc ies ,  
r e s p e c t iv e ly .  For inverse bremsst rahluny, t h i s  approximat ion is  
s a t i s f a c t o r y ,  but the approximation a lso  assumes th a t  Thomson s c a t te r in y  
i s  a " t r u e "  absorpt ion process, which is  not s t r i c t l y  c o r rec t  (Pavlov, 
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F ig .  2 .6 . - - N e - oj/ojy diagram d e l in e a t in g  bremsstranlung and Tnomson 
s c a t te r i n g  dominated domains. The co n d i t io n  where vc and vr  are equal at
0 .1 ,  1 .0 , 10, and 30 keV is  ind ica ted  by the s o l id  l i n e s .  Other
parameters are the magnetic f i e l d  B = 10^ gauss, the io n ic  charye Z = I
(hydrogen), and the Gaunt f a c to r  r  « 10.
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I I .  CYCLOTRON ABSORPTION COEFFICIENTS
The cyc lo t ro n  absorpt ion  c o e f f i c i e n t s  play a c ru c ia l  ro le  in 
de te rm in iny  the emission from hot maynetized plasmas. In t h i s  se c t io n ,  
the numerical  methods used to  eva luate cyc lo t ro n  absorpt ion c o e f f i c i e n t s  
are discussed in  d e ta i l  and the r e l a t i v e  accuracy of each method is  
di  scussed.
In the s in y le  p a r t i c l e  model (Liemohn 19bb; Ramaty l yby ;  Trulsen 
and Fe je r  1970; and Chanmuyam 1980), the e m is s i v i t y  from a d i s t r i b u t i o n  
of e le c t ron s  is  obtained by i n t e y r a t i n y  the emission from a s in y le  
e le c t ro n  over the approp r ia te  momentum d i s t r i b u t i o n  y ( p ) .  In t h i s  
t h e s i s ,  the e le c t ron  d i s t r i b u t i o n  is  an i s o t r o p i c  Maxwel l ian ( f o r  
d iscuss ions of the e m is s i v i t y  from a n i s o t r o p i c a l l y ,  non-Maxwel1ian 
e le c t ron  d i s t r i b u t i o n s ,  see e .g .  Ramaty lyby ;  Petrosian l y a i ;  Dulk and 
Marsh iy82 ;  Du 1k l y b b ) .  The two modes of propayat ion in the plasma are 
not i m p l i c i t  to  the s in y le  p a r t i c l e  method, but must be inc luded in the 
c a lc u la t i o n  by us iny the p o la r i z a t io n  c o e f f i c i e n t s  ax 0 and r e f r a c t i v e  
ind ices  nx Q. There fore ,  one l i m i t a t i o n  of the s in y le  p a r t i c l e  method 
i s  in  the de te rm ina t ion  o f the p o la r i z a t io n  c o e f f i c i e n t s  and r e f r a c t i v e  
i n d i c e s .  A second l i m i t a t i o n  is  the i m p l i c i t  assumption th a t  the plasma 
i s  tenuous and th a t  th e re fo re  plasma d ispe rs ion  e f f e c t s  are n e y l i y i b l e .  
The p o la r i z a t i o n  c o e f f i c i e n t s  and r e f r a c t i v e  ind ices  are a c tu a l l y  
ca lcu la te d  usiny the d i e l e c t r i c  fo rm u la t io n  and the cold plasma 
approx imat ion, but because the plasma is ' tenuous  (w = w ^ / o/- << 1) ,  
these parameters may a lso be r e l i a b l y  app l ied  at h igher  temperatures .
The advantage of the d i e l e c t r i c  fo rm u la t ion  (Bernste in  1968; S t i x  
1962; Montyomery and Tidman 1964; Ginzbury 197U; Tamor iy7b ;  Pavlov,
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M i t ro fanov ,  and Shibanov 19BU to name a few) i s  the wider ranye of 
plasma cond i t ions  to  which i t  can be app l ied .  This method is  not l im i te d  
to  tenuous plasmas. I t  can also be appl ied to  dense plasmas (w >1) where 
plasma d ispe rs ion  e f f e c t s  become impor tan t .
The d i e l e c t r i c  fo rm u la t io n  i s  used to  c a lc u la te  the absorpt ion 
c o e f f i c i e n t  Q of  each mode by so lv iny  the determinant of the 
d ispe rs ion  tensor  which conta ins the d i e l e c t r i c  tensor  In
p r i n c i p l e ,  the d i e l e c t r i c  tensor  can complete ly descr ibe a l l  macroscopic 
e lec t rom aynet ic  p ro pe r t ie s  of a plasma (Ich imaru 1973) which respond 
l i n e a r l y  to  the e lec t romayne t ic  f i e l d  ( i . e .  E j ) .  The d i e l e c t r i c
tensor  is  ca lcu la ted  to  f i r s t  order in  both the e l e c t r i c  f i e l d  and the 
e le c t ron  d i s t r i b u t i o n  fu n c t io n  usiny a l i n e a r iz e d  Boltzmann equat ion fo r  
r e l a t i v i s t i c  e le c t ro n s .
This sect ion beyins w i th  a d iscuss ion of the d i e l e c t r i c  
fo rm u la t io n .  Une such s o lu t io n  (Pavlov, M i t ro fanov ,  and Shibanov 19BU) 
inc ludes the e f fe c t s  of c o l l i s i o n s  and Thomson s c a t te r i n y  f o r  
n o n r e l a t i v i s t i c  e lec t rons  by means of an e f f e c t i v e  c o l l i s i o n  and dampiny 
f requency. The breakdown of t h i s  n o n r e l a t i v i s t i c  approximat ion i s  also 
d iscussed. F i n a l l y ,  t h i s  sect ion  concludes w i th  the s o lu t io n  of the 
r a d ia t i v e  t r a n s f e r  equat ions f o r  the Stokes parameters, f o r  the case of 
la rye  Faraday r o t a t i o n ,  in  a magnetoactive plasma.
a) D ie l e c t r i c  Formulat ion
i )  The D ie l e c t r i c  Tensor
The propagation of e lec t romagnet ic  waves through an
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a n i s o t r o p i c a l l y , d isp e rs ive  medium must be solved on the basis ot the 
Maxwell equat ions:
V x H = ^  (2.7a)
V * D = 4up, (2 .7b )
V x E -  ^  H, ( Z . l c )
V *  H = 0, (2.7d)
where E and H are the e l e c t r i c  and maynetic f i e l d s ,  D is  the e l e c t r i c  
ind u c t io n  or displacement c u r re n t ,  and j  and p,  the cur ren t  and space 
d e n s i t ie s  of f ree  charye. This form of the Maxwell equat ions i m p l i c i t l y  
assumes th a t  a l l  parameters are harmonic fun c t io n s  e " 1^  of t ime t  and 
frequency w.
One obta ins  a wave equat ion f o r  the e l e c t r i c  f i e l d  by f i r s t ,  ta K in y 
the cur l  of  equat ion ( 2 .7 c ) ,  and then makiny a s u b s t i t u t i o n  t o r  the 
r i y h t  hand side usiny equat ion (2 .7a ) :
V x (V x E) - —  (D - j )  = 0. (2 .8)
C 2 W
This can be r e w r i t t e n  as
V2 E - V(V * E) + —  (D - —  j )  = U ,
2 w u . y )
usiny a standard vecto r i d e n t i t y .  I f  D and j  depend l i n e a r l y  on E 
such tha t
Di = ( eq ) 1 j  E j ,  j i = a.j E j :  i ,  j  = x, y ,  z (2.1U)
where eQ i s  the d i e l e c t r i c  p e r m i t t i v i t y  tensor  and is  the 
c o n d u c t iv i t y  te n so r ,  then a s u b s t i t u t i o n  fo r  and yives the 
equat i  on:
V2 E - V (V * E) + ^ [ ( e  0. J E = U. (2.11)
I ' c 2 0 ‘ J w 'J J
The d i e l e c t r i c  p e r m i t t i v i t y  tensor  and c o n d u c t iv i t y  tensor  are usua l ly  
combined to  form the complex d i e l e c t r i c  tensor :
e- = ( e ) . . - o. i , j = x , y , z .  (2.12)
1 J  '  O ' l J  U) 1 J  9 J  9
I f  the monochromatic wave w i th  wave vec to r  k is  such th a t  E = E0 
e i ( w t  -  k«r) ^nQ Spa t -ja] dependence), then the wave equat ion becomes
- k 2 E. + k. (k *  E)  + —  e. E = 0. (2.13)
I '  c 2 J
A s o lu t io n  to  equat ion (2 .13)  i s  e a s i l y  obta ined by makiny the wave
propayate alony the z -a x is  so th a t  kY, k = U (Ginzbury 197U; Akhiezer
* y
et_a]_. 1967). Equation (2 .13)  w r i t t e n  in  m a t r i x  form i s :
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- " 2 + Exx exy exz Ex
eyx - n 2 + eyy eyz Ey
ezx ezy ezz Ez
where n = kzc / oj i s  the complex index of  r e f r a c t i o n . By
= 0, (2.14)
the system reduces to  a 2x2 ma tr ix  in  Ex , E^:
- n 2  +  £  -  £  £  / e  e  - z  e  / Exx xz zx zz xy xz zy zz
e  -  e  e  /  e  yx yz zy ^zz " n2 + ey y " ey z Ezy/ e zz
U .
( 2 . 1 b )
The requirement f o r  a n o n t r i v i a l  s o lu t io n  (Ex , Ey = U) is  th a t  the 
determinant of the 2x2 m a t r ix  must vanish. This yives a s o lu t io n  in  n^:
n 2 = i f  e + e - (e e + e  z  ) /e  321- yy xx v xz zx yz zy '  z z
+ -i-{ T e  -  e - ( e  e  - e  - e  ) /  e  ] 2  2 yy xx v yz zy xz zx '  zz
-4(  e -  z  z  / z  ) (e  -  e  z  / e  ) } ^ ^ .  (2.16)v xy xz zy z z ' v yx yz zx zz '
The absorpt ion c o e f f i c i e n t  a in  each mode is  found from the imaginary 
pa r t  nj  o f  the complex index o f r e f r a c t i o n :
ax,o ‘  c^  ^nI^ x ,o * (2.17)
In the tenuous plasma approximation (w << 1) ,  the complex 
d i e l e c t r i c  tenso r  is  r e w r i t t e n  as
(2.18)
The term ( 4-rri/w)o— = 0 (w) .  Therefo re, the s o lu t io n  o f the determinant 
o f equat ion (2 .14)  i s ,  to  f i r s t  order in  w,
( 2 . i y )
The term in square brackets is  associated w ith  the transverse  wave and 
the o ther  term is  associated w i th  the l o n g i tu d in a l  wave. In t h i s  
approx imat ion, the l o n g i tu d in a l  wave is  separated from the transverse  
wave, but does not propagate. In genera l ,  the lo n y i t u d in a l  wave and 
transverse  wave cannot be separated as was shown in  the d e r iv a t io n  of 
equat ion (2 .1 6 ) .
A second approximat ion is  ca l le d  the transverse  wave approx imat ion.
This approximat ion assumes from the outset and w i thou t  r igorous
j u s t i f i c a t i o n  t h a t  the l o n g i tu d in a l  component of the e l e c t r i c  f i e l d  Ez =
0. This assumption reduces the 3x3 m atr ix  (eq. 2.14) to  a 2x2 matr ix  in
Ev , Ew. A s o lu t io n  to  the determinant of the 2x2 m a t r ix  i s :  a y
(2.2U)
I f  the  f i r s t  term of equat ion (2.2U) is  r e w r i t t e n  as
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1 + 7 ( eyy + exx " 2 ) ’ [ Z ' Z ]  ]
then usiny the binomial expansion when ( -  6 ^ )  << 1 (see Pavlov, 
M i t ro fa n ov ,  and Shibanov 198U; Trubnikov 1958; Shafranov 1967), one 
obtai  ns
n = 1 + e +e -2) + [ i r ( £  -e  ) 2 -  ĵ-e e J  ̂ (2.28,x ,o  4 V yy xx '  16' yy xx '  4 xy yx
which is  i d e n t i c a l  to  the transverse  wave of the tenuous plasma 
approxi mati on.
i i )  The General Formulat ion
In the d i e l e c t r i c  fo rm u la t io n ,  once the c o n d u c t iv i t y  tensor  of the 
plasma is  obta ined,  the absorpt ion c o e f f i c i e n t s  can also be obta ined. I f  
the p a r t i c l e  d i s t r i b u t i o n  fu n c t io n  y = y ( ° )  + y ^  + . . . ,  where y° is  
the e q u i l i b r i u m  d i s t r i b u t i o n  and y^1 ) << g (° )  i s  the f i r s t  order 
p e r tu r b a t io n ,  then the Boltzmann equat ion may be made l i n e a r  to  f i r s t  
o rder .  The c o n d u c t i v i t y  tensor  i s  determined by makiny the assumption 
th a t  the p e r tu rb a t io n  of the e lec t romayne t ic  wave is  yiven by the f i r s t  
o rder  cu r ren t  d e ns i ty :
j j 1) = o . jE  = eN •/ v i y O )  (v)d3v, (2.28)
where the su p e rs c r ip t  (1) means the f i r s t  order  cu r ren t  dens i ty  and 
p a r t i c l e  d i s t r i b u t i o n  f u n c t i o n .  The f i r s t  order  d i s t r i b u t i o n  fu n c t io n  is 
found by so lv in g  the l in e a r i z e d  Boltzmann equat ion to  f i r s t  order  (see
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S t i x  1962; Ginzbury 197U; Ichimaru 1973; Montgomery and Tidman 1964). 
S u b s t i tu t in g  fo r  i t  may be shown th a t  the c o n d u c t iv i t y  tensor  a.j
i s  o f the form (Bekefi  1966; Bernste in 1958; Bers 1964)
° i j
Y  ̂ S •
=  2 ttw ■/ p .  d p  d p  n  ! ° °  t  i —  r ,J. 1 K i l  S = -°° (a) _ k ! Xv n  - SU)y) * (2.24)
where
S i j  ■
sJc(x)
v i t (  X
s ) 2 i v $
sJ (x)J!(x) sJ|(x)
i - — -------    v J  — -------L X J- X
sJs(x)Jl (x)
■ ■ s —  v 1« [ j ; ( x ) ]2 i v 1* j s ( x w ; ( x )
V l l *
s (x)
i v u *  Js(x)J ' (x)  v 1 1  ̂ Jg(x) (2.2t>)
The in te g r a t i o n  i s  over the perpend icu lar  p i  and p a r a l l e l  p-Q 
components of momentum. The va r ia b le  x = Tk^Vj/u^ and the func t ions
$ =
,(o) a„ (o )
, / 9 y v u /  3 g '
p  1 1 ) » (2.26a)
¥ = yhT w 3y^°  ̂ WB, 3 y ^—  m* s — P
39
( o )
e 3p1 1  e p^ 3 p n  i  3p -P n . (2 .26b)
where y^0  ̂ = g ^ ^ p ^ ,  Ph ) is  the zero order  d i s t r i b u t i o n  fu n c t i o n .  In 
t h i s  th e s i s .  y ^  w i l l  always be a r e l a t i v i s t i c  or n o n r e l a t i v i s t i c  
Maxwell ian d i s t r i b u t i o n .  The func t ions  J s (x)  and are the Bessel
fu n c t io n  and i t s  f i r s t  d e r i v a t i v e .
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i i i )  N o n r e l a t i v i s t i c  Cyc lo tron Absorpt ion C o e f f i c ie n t
I f  a n o n r e l a t i v i s t i c  Maxwel l ian d i s t r i b u t i o n  fu n c t io n  y ( ° )  =
— g2 +o2 )
yQe Z  PI1  p j l  i s  used, where y0 i s  the no rm a l iza t ion  f a c t o r ,  then an 
eva lua t ion  o f the i n te g ra l s  yives fo r  the d i e l e c t r i c  tensor  (Si tenko and 
Stepanov 1957; Pavlov, M i t ro fanov ,  and Shibanov 198U):
. i— +CO
i At
ex x = 1 + pTcoienr we~x SL  s2l swsu s) » (î 7a)
£yy ~ exx p|cose| we X \  ^ s  I s^ws^zs ^ ’ (2.27b)
/ ti +0°
exy ~ " eyx p | cosG | we X l _  S^ s  " U ^ s A ^ ’ (2.27c)
S  =  - c o
+ 03
exz = ezx = we~x I  s I s[ l  + i /Ti  zsWs (zs )J , (2.27d)
+ 00 ,
eyz = " Ezy = i u t a n e  w e ' X  I  U s _ I s ) L l + i / ^  z sWs^zs^Js (2.27e)
S =  - C D
Ezz = 1 + gfcosel '  we’ X l sz st l +i ^  zsws (z$ )J ,  ( z . W r )
where I s = I s(x) i s  the modif ied Bessel fu n c t io n  of i n t e y e r  order s, and 
I s = d l s/d x -  The argument o f the modif ied Bessel fu n c t io n  is  
X = p2u2s i n 2e, where p = (2r) )*7^ and t) = kT/mc^. The complex plasma 
d ispe rs ion  fu n c t io n  i s
i +/ ” e_t2
ws ( zs > 4 '  d t - [ / - ^ t ) -  ( 2 -2B)-oo S
where
Thus the e f f e c t s  of c o l l i s i o n s  appear in  the plasma d ispers ion  tunc t ion  
as an imaginary term in  the argument zs . In t h i s  approximat ion, Thomson 
s c a t te r in g  is  t rea ted  as pure a bsorp t ion .
A f u r t h e r  approximat ion can be made at low temperatures where only 
the f i r s t  term of the se r ies  of the modif ied  Bessel fu n c t io n  is  
impor tan t .  The fo l lo w in g  re s u l t s  f o r  each mode of wave propagation 
(M i t ro fanov and Pavlov 1981) are obtained using t h i s  approximation 
(simple approximations have also been found by Ronnmarx 1977 usiny Paae7 
approx imants) :
a  = 4  w {— — -—  (1 + cos20 - a?’ 0 s i n 20 - 2ax ’ ° cose) 
x ’ ° 8 ( u ^ ) 2 1 C
( v  + V _ )  y n ( v  + V _ ) u )
+ 2 — L_ (1 + ax ) S in 2e + ------------ — ---------------
1 [ (co+<i 3 ) 2 + ( v c + v r ) 2 J
x (1 + cos20 - a * ’ 0 s i n 2e + 2a£’ °  cose ) } ,  (2.3U)
where
a * - “  = * - 1 « W -  : a * ' 0 -  ? (2 .31a,b)
tl+C) U+C2) '
O
and C = s in  6/2ucose. The terms â  c are the degrees o f l i n e a r  (1) and 
c i r c u l a r  (c) p o la r i z a t i o n  in  the e x t ra o rd in a ry  (upper sign)  and o rd inary  
( lower s ign)  modes. The t h i r d  term has been s i m p l i f i e d  by usiny the 
con d i t io n  fo r  a "co ld  plasma" (v^ << vc + vr ),  and now only represents
the cyc lo t ro n  r a d ia t io n  from the fundamental harmonic.
I f  >> vc + v , then the "hot plasma approximat ion" should be 
used. The t h i r d  term now becomes
— —  £, ( p u s in 9 /2 )2s_2 -r - H- f v TpcosG s=l H ( s - 1 )!
x (1 + cos2e - a * ’ ° s i n 29 + a * ,0 cos9),  (2.32)
where Hs is  the real part  of the plasma d ispe rs ion  fu n c t io n :
“ s ( Z S> '  H 5 ( Z S> +  1 F S ( Z S> = ^  { Z - 3 3 )
-CO ' S
and
(u)-Su>y) _ ( vc + v r )
z = X + iy  = ------------- + i   : s = 1, 2, . . .  (2.34)
s 5 v[)
The d i f fe re n c e  between the two approximations is  th a t  in  the cold 
plasma approximation the fundamental harmonic is  the only harmonic which 
absorbs a s i g n i f i c a n t  amount of ra d ia t io n  compared w i th  the c o l l i s i o n a l  
abso rp t ion .  So, the absorp t ion from the h igher harmonics does not appear 
in  the equat ion .  The h igher harmonics c o n t r ib u te  s i g n i f i c a n t l y  to  the 
absorpt ion process in  the "hot col 1i s io n le s s  plasma approx imat ion" .
C o l l i s i o n a l  e f f e c t s  in  the d e r iv a t io n  of the cyc lo t ro n  absorpt ion 
c o e f f i c i e n t s  are made by in c lu d in g  a c h a r a c t e r i s t i c  c o l l i s i o n a l  dampiriy 
term in the c o l l i s i o n  term of the Boltzmann equa t ion .  Tne c h a r a c t e r i s t i c  
c o l l i s i o n  frequency is  assumed to be independant of v e lo c i t y  and to act 
i s o t r o p i c a l l y .  This s i m p l i f i c a t i o n  of the c o l l i s i o n a l  process could
“id ■ 8 j 0 ^  |  <f> X W "  V  '•* • «•*>
where
Sxx ■ As+q(E),  (8.38a)
Sxy * '  Syx = i ( ' +q /s )A s+q(5 ) .  (3.36b)
Syy = K i W l U  U ' 3bC)
<11 / I " < ? / <£l
S = S = — [A A U )  -  u — U) 3» (2.350)xz zx < s+qvs,/ < n  s+ q '^ '  *
Syz = " Szy = “ i ( l + q / s ) S x z , (2.36e)
< 1 1  / 1 - < J _ / < 1 1  V/ 1 - < 1 / < 1 1
Szz = ( ^ > 2 [V q ( 0 - 2 u  - k u l - A ; +qU )  + ( u - p ^ y - ) 2 A - q U ) J .
( 2 . 3 6 f )
The parameters are ri = mc^/kT, yQ = s u / ( u 2 - < ? i ) ,  y^ = [s^  - (u^ -
- k ? i ) ]  ^ / ( u2 - < £ i ) ,  x = < 1  Cs2 - ( u2 " x i i ) 3 / ( u 2 - < ? i ) ,  and z, =
r ^ l 1<111 * where u = “ /wy, and k  = kc /u .  The constants Cq and are
= ( - D q (2s+2q)l  ( ^ 3
S [ ( s + q ) ! ] 2(2s+q)!q !
and
l^q = j-o(s+q)(2s+q- l ) (2s+q)  _ 2^ _
S (2 s+ 2 q - l ) s2 S
( 2 . 3 7 b )
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poss ib ly  have a large e f f e c t  on the anyular f l ux  and p o la r i z a t io n  of the 
emit ted r a d ia t i o n .
In t h i s  t h e s i s ,  c o l l i s i o n a l  e f f e c t s  due to  both inverse 
bremsstrahluny and Thomson s c a t te r in g  are inc luded .  These e f f e c t s  were 
shown in  sect ion I of t h i s  chapter to  be of comparable importance at 
hiyh harmonics and small 9. However, the absorp t ion  due to  inverse 
bremsstrahluny is  a “ t r u e "  absorpt ion process. The absorp t ion  due to  
Thomson s c a t te r in g  is  not.
At low temperatures and hiyh e le c t ron  d e n s i t i e s ,  inverse 
bremsstrahluny dominates over Thomson s c a t t e r i n y  as the most important 
c o l l i s i o n a l  e f f e c t .  But Thomson s c a t te r i n y  becomes more important as the 
frequency increases.
Between the cyc lo t ron  l i n e  cen te rs ,  the cyc lo t ro n  absorpt ion 
becomes n e g l i g i b l e  f o r  kT < b keV. This is  the reyion of the cyc lo t ron  
spectrum where c o l l i s i o n a l  absorp t ion becomes im po r tan t .  Tne 
p o la r i z a t i o n  in  t h i s  reyion decreases s i g n i f i c a n t l y  compared to  the 
p o la r i z a t i o n  in  the rey ion of the cyc lo t ro n  l i n e  centers f o r  o p t i c a l l y  
t h i n  plasmas because the d i f fe re n c e  between the two absorp t ion  
c o e f f i c i e n t s  is  much less .
The n o n r e l a t i v i s t i c  c a lc u la t io n s  are s a t i s f a c t o r y  fo r  temperatures 
below kT < 1 keV, but as the temperature increases the absorpt ion
c o e f f i c i e n t  becomes la rg e r  than the absorp t ion  c o e f f i c i e n t  ca lcu la ted  
usiny the r e l a t i v i s t i c  th e o ry .  At kT = b keV and harmonic number s = b, 
the absorpt ion c o e f f i c i e n t  from the n o n r e l a t i v i s t i c  theory  is  a fa c to r  
of th ree  y re a te r  than the absorpt ion c o e f f i c i e n t  from the r e l a t i v i s t i c  
th e o ry .  This discrepancy is  due to  the n o n r e l a t i v i s t i c  approximat ion 
used by Pavlov, M i t ro fa n ov ,  and Shibanov (198U). The approximat ion also
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re s u l t s  in a disayreement as 0 -> u /2 ,  s ince the r e l a t i v i s t i c  mass 
e f f e c t  is  neglected, then vD -> U. For c a lc u la t io n s  of the p o la r i z a t io n  
from homogeneous plasma s labs ,  t h i s  e r r o r  i s  probably not s i g n i f i c a n t ,  
but i t  w i l l  be important f o r  determin ing the th ickness  o f o p t i c a l l y  t h in  
plasmas (see Chapters 3 and 4 ) .
i v )  R e l a t i v i s t i c  Cyc lo tron Absorpt ion C o e f f i c ie n t
The c o n d u c t iv i t y  tensor  given in  equat ions (2.24) and (2.26) is  
f u l l y  r e l a t i v i s t i c .  The c a lc u la t io n s  in the n o n r e l a t i v i s t i c  case have 
been made assuming the d i s t r i b u t i o n  fu n c t io n  f o r  a n o n r e l a t i v i s t i c  
Maxwel1-Boltzmann d i s t r i b u t i o n .  Also the square of the Bessel fu n c t io n  
has been transformed i n t o  the modif ied Bessel fu n c t io n  of the f i r s t  k ind 
because the argument is  << 1.
I f  no approximations are made to  the Bessel fu n c t io n s  and the 
d i s t r i b u t i o n  func t ion  is  taken to  be th a t  of a r e l a t i v i s t i c  Maxwel l ian, 
then the f u l l  s o lu t io n  w i l l  be complete ly  r e l a t i v i s t i c .  Normal ly ,  the 
i n t e g r a t i o n  over the v e lo c i t y  is  evaluated a n a l y t i c a l l y  f o r  only the 
pe rpend icu la r  component, w h i le  the p a r a l l e l  component of the v e lo c i t y  is  
in te g ra te d  n u m er ica l l y .  Tamor (1978) has der ived an a n a l y t i c  s o lu t io n  
f o r  the c o n d u c t i v i t y  tensor  by f i r s t  chanyiny va r ia b les  v-q  y,  and <)> and 
then e va lua t ing  the h a l f  residue f o r  v-q  and the <{> i n t e g r a t i o n .  Next, 
another change of va r ia b les  is  made so th a t  the Bessel fu n c t io n  can be 
expanded in  a power ser ies  and each of the terms can be in te g ra te d  
a n a l y t i c a l l y .  The r e s u l t i n y  expression f o r  the s ix  independent 
components of the c o n d u c t i v i t y  tensor  are:
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The prime in d ica te s  the d e r i v a t i v e  of the fu n c t io n  w ith  respect to  the 
argument, where
As+q(£) = 2 ( | ) s+lUs+q) !  / J / 5  I s+q+1/2U ) ,  (2.38a)
AW °  '  dAs+q( ^ ) / d ^ ~ -  T f s t qn )  W 1^ 1' { 2 - ™ D )
and
A ; ; q ( { )  = a n ‘s ^ u u < n  = As+q(5) -  As t q t l U ) .  ( 2 . 3«C)
b) S iny le  P a r t i c l e  Model
Consider a magnetic f i e l d  B p a r a l l e l  to  the z -a x is  and a wave 
vec to r  k in the x-z plane making an anyle 9 to  the magnetic f i e l d .  By 
choosiny B along the z a x is ,  the problem is  s im p l i f i e d  w i thou t  a loss of 
g e n e ra l i t y  (F ig .  2 .1 ) .  In a cold c o l l i s i o n l e s s  plasma (see Ginzoura 197U 
f o r  a d d i t io n  of c o l l i s i o n s ) ,  the real component of the index of 
r e f r a c t i o n  i s  found by s u b s t i t u t i n g  the d i e l e c t r i c  tensor :
exx ~ 1
w
1-1/u " ey y ’
w
exy “  " eyx “  u ( 1-1 /u )
ezz = 1 - w’






in t o  equat ion (2.20) to  obta in  (Ginzburg 197U; Kamaty 1969):
2w/u2 __________________________
ne/u)*4 + 4(cos9/u)  2( l -w )
(2.4U)
n 2 = 1 ----------------------------------------- - -----------------------------------------------------
’ 2 ( l - w )  -  ( s i n e / u ) 2 + [ ( s i n e / u ) G/ ) 1 -w )2J
where the (+) and ( - )  correspond to  the o rd ina ry  (0) and e x t ra o rd in a ry  
(X) modes o f wave p ropagat ion .  The two modes are c lockwise (X - mode) 
and counterc lockwise (U - mode) c i r c u l a r  p o la r i z a t i o n .  I f  the 
p o la r i z a t i o n  c o e f f i c i e n t s  are def ined by
i E G i £ vy i E 7v
a -  ■£ = e -n^ » ak = E E * (2 .41a,b)
y yy y yy
then f o r  the cold plasma approx imat ion, they become
(a ) ( u ,e) = ------------------ ;?( l-w)cos9----------------------------- , U . « a )
’ - ( s in G /u )+ L (s in G /u ) ‘4 + 4 (1 -w )2cos2G]
and
w[s inG/u - (aQ) v _ cosG s in 0 / u 2J
(a ) (a,,e) =   , (2.42b)
* [ w ( l - c o s 20 /u 2) -  (1 -w) ]
using equat ions (2 .3 9 a -d ) .  From equation (2 .42b) ,  (ak ) x 0 = U(w), and 
hence Ek << Ey f o r  a tenuous plasma (w << 1) .  There fore ,  the 
l o n g i tu d in a l  component Ek is  n e g l i g i b l e  and is  set to  zero. Thus only 
the t ransve rse  components E0 and Ey are considered.
The volume e m is s i v i t y  from a s ing le  e lec t ron  is  (Liemohn 196b; 
Chanmugam and Dulk 1981; Ramaty 1969 f o r  an apposi te  d iscuss ion ) :
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j x , o ( “ - e ' fj) = f s r  r  v ; < * )
s=- "  ' qe*x,o
r n t  A  P 1 1
+ 9 ) x - ° 1̂ '  ^ ™ ) J 4 x ) ] )  ^ V Y' “ ( , - nx ,o p " c o s 9 j , > ( 2 -43)
where y = is  the Lorentz f a c t o r ,  p = v /c ,  v is  the v e lo c i t y  of
the e lec t ron  and and ^  are the components p a r a l l e l  and 
perpend icu la r  to  the magnetic f i e l d  d i r e c t i o n ,  re s p e c t iv e ly .  Js (x)  is  
the Bessel fu n c t io n  of the f i r s t  k ind of order  s, and J s (x)  = dJs (x ) /d x  
is  i t s  f i r s t  d e r i v a t i v e  w ith  respect to  the aryument x = Yunx 0P_l s ine .  
The e m is s i v i t y  J x Q f o r  a d i s t r i b u t i o n  o f e lec t rons  i s :
J x , o ( ^ . 0 ) = /  J x , o (u}’ e ’ p , ) g ( 0 ) ( p , ) d 3 p ' * { Z A 4 )
The d i s t r i b u t i o n  fu n c t io n  is  assumed Maxwell ian:
9( 0 ) (P) = Nyoe ' ^ ,  (4.4b)
where n = mc2/kT ,  l / y Q = -2n2im2c k T H ^  ( i  n ) » and is  the Hankel
fu n c t io n  o f the f i r s t  k ind o f  second order  (Bekef i  1966; Kamaty 1969; 
Chanmugam and Dulk 1981). Thus s u b s t i t u t i n g  equat ions (2.43) and (2.4b) 
i n t o  equat ion (2.44)  and in t e g r a t i n g  over s o l i d  anyle gives (Chanrnuyam 
and Dulk 1981):
J (w,e) = 2xe2Ng m3c2 J dpn  j  —
- 1 s' s i  >+ ‘ V x , o  
X ( - v ; ( x )  + C U e) X;0( ^ - ^ ) J s (x ) J > 2
A j(J
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expl- ‘  l - n X j0 pn cose^ L l - nx>0PnCOsej^ (2.4b)
w ith  s-̂  the minimum value of s such th a t
p j  = i  -  ( u / s ) 2 (1 - nXjOpnCOS0)2 > U. (2.47)
The absorpt ion c o e f f i c i e n t s  ax 0 are obtained from the e m is s iv i t y  
by usiny K i r c h o f f ' s  Law:
where I Rj  = kTc/Vs-n^c^ is  the Kayleiyh-Jeans i n t e n s i t y  ( f o r  kT >> fico)
p
per p o la r i z a t i o n  and n is  the ray r e f r a c t i v e  index which is
A y U
“  n « 1. Equation (2 .48)  is  a special  case f o r  an i s o t r o p i c
A j  U
Maxwell ian d i s t r i b u t i o n  (see Ramaty 1969 f o r  the yeneral equa t ion ) .
I I I .  Radiative Transfer
Consider a homogeneous plasma slab w i th  a un iform maynetic f i e l d  B. 
Let the frequency of the emit ted ra d ia t io n  be w and assume th a t  u> >
>> cjp, so th a t  the component of the e l e c t r i c  f i e l d  p a r a l l e l  to  k may be 
neglected. I f  Ey, Ee are the t ransverse components o f  the e l e c t r i c  f i e l d  
w i th  E0 in  the plane con ta in ing  B and k (see F ig .  2 .7 ) ,  the  p o la r i z a t io n
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F iy .  2 . 7 . - -C o o rd in a te  system w i th  the magnetic f i e l d  B p a r a l l e l  to  the 
z - a x is .  The wave vec to r  k i s  at an angle 0 to  B. The t ransverse  
components of the wave Eg, Ey are also shown. Note th a t  there  is  no loss 
of g e n e ra l i t y  in  the s o lu t io n  o f the equat ions o f r a d ia t i v e  t r a n s fe r  
when k i s  in  the x-z p lane.
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c o e f f i c i e n t s  ax 0(e) f o r  the two modes (w i th  i a X j0 (9) = (Ee/Ey)x ,o)  are 
then given by (Ginzburg 197U; Chanmugam and Dulk 1981)
x , ° + { ' \  +  Z z ) 1 / Z  -  1
(8.49)
where
C  =  - 2ucos6 /s in20. (2.bU)
The observable p ro p e r t ie s  of the ra d ia t i o n  are descr ibed by the 
Stokes parameters (see the lu c id  d iscuss ion  by Jackson 197b):
I e <E E*> + <E E*>, x x  y y  ’
« =  <exe;>  - <Ey Ej > .
u E <ExE?  + <ej,e;>,
V = - i (< E  E*> - <E E*>) v '-x y y x '
(2 . b l a )
( 2 . b ib )
(2 .bl  c )
(2 . b I d )
The Stokes parameters (e .g .  Born and Wolf 1964; Ramaty 1969) can be 
w r i t t e n  in  terms of I s , I x , I 0 , I c and (a 0) x 0 :
I = I x + I 0 , (2.b2a)
« - I C1 lae> x3 + I D (a- >-°j  + I --------------j ! 2-------------172’ <2-b2D>
H ( . e ) %  CCl + ( a e ) x2] ^ [ H ( a e ) ^ 1 / 2
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U = I 2 ^ e > x ^ 0 ^ ( 2 . 62c)
m -  o n  x  T ^a0^o x T ^a0^x + (a0}o k0^
V = 2 [ I „ ------------— + I  - +  I  2-T72---------------2“ T72 ’ ^ * b^d )
° H ( a Q)2 c [ l + ( a Q) v ]  [ l  + (aQ) J 1/2‘1 + <a0>x2 0 x ■ 0 ' O ‘
where I x and I Q are the normal mode i n t e n s i t i e s  of the r a d ia t i o n ,  \ s  -  
( I XI 0 ) 1/2 s in6 ,  and I c = ( I XI Q) 1//2cos5. The angle 6 is  the phase 
d i f fe re n c e  between the two modes (see F ig .  2 .8 ) .
The equat ions f o r  the Stokes parameters may be s i m p l i f i e d  by 
l i m i t i n g  the t reatment of the ra d ia t io n  to  the case of large Faraday 
ro ta t i o n  in the source. This assumption means the phase re la t io n s  are 
randomized and I s = I 0 = 0, or th a t  the an iso tropy (Faraday r o ta t i o n )  of 
the medium is  more impor tant than the inhomogeneit ies of the medium.
The r o ta t i o n  angle A<|> « (1 A )  (w^oj^/w3) (Kamaty 1969), where 1 is  the 
c h a r a c t e r i s t i c  leng th  fo r  the inhomogeneit ies in  the plasma and X  is  the 
wavelength of the r a d ia t i o n .  I f  u ~ lUOwp and u> « 2 ^  w i th  1 ~ 10b cm 
and X  « 6 x 10-i:) cm, then AcF ~ 105 » 1 >> 2n. Thus the co n d i t io n  of 
la rge  Faraday r o ta t i o n  is  expected to  be s a t i s f i e d  under most cond i t ions  
( i . e .  when 1 >> 1 cm).
The s i m p l i f i e d  r e la t i o n s  f o r  the Stokes parameters are 
I = I x + I 0 , (2.b3a)
l - ( a  )2 l - ( a  )2
« -  K  I --------— 3 + I „ [ -------- — ( 2. 53b)
’ + ‘ ae ^
U = 0, (2.b3c)
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F iy .  2 .8 . - -C o o rd in a te  system of an e l l i p t i c a l l y  po la r ized  wave. The 
ampli tude of the e l e c t r i c  f i e l d  £ draws an e l l i p s e  when one s i t s  in the 
res t  frame of the wave. In one coord inate  system, the semiinajor ax is  a = 
E0cosp at an anyle y to  the y -a x is  and the semiminor ax is  D = E0sinp can 
be used to  de f ine  the e l l i p s e  where E0 is  the ampli tude of the e l e c t r i c  
f i e l d  and p is  the r a t i o  of semimajor and semiminor axes. In another 
coord inate  system, a clockwise Ex and a counterc lockwise E0 r o t a t i n y  
e l e c t r i c  f i e l d s  are used to  de f ine  the e l l i p s e .  The anyle 6 is  the phase 
anyle between the two e l e c t r i c  f i e l d s .
For the extreme cond i t ions  of 0  = u/2 and 0  = U, the r a d ia t io n  is  
complete ly  l i n e a r l y  p o la r ized  and c i r c u l a r l y  p o la r iz e d ,  r e s p e c t i v e l y . 
Since I s = I c = 0, the equat ions of r a d ia t i v e  t r a n s f e r  decouple and 
become
d l x>0(u>,e)/dz + = Jx ,o ^ u>e^* U.t>4)
which are e a s i l y  solved f o r  the case o f a homoyeneous source rey ion .
For a homogeneous source, one f in d s
= W 1 '  exP ( - Tx , o ) : i ’ ( 2 *bb)
where I ^ j  i s  the Ray 1eiyh-Jeans i n t e n s i t y  f o r  each mode and xx 0 i s  the 
o p t ic a l  depth in  the two modes. The Stokes equat ions which were derived 
by Ramaty (1969) may be cons iderab ly  s i m p l i f i e d  by n o t iny  from equation 
(2.49) (B a r re t t  and Chanmugam 1984) th a t
a e ax = - l / a 0 . (2.56)
I f  one s u b s t i tu te s  equat ion (2 .56)  i n t o  equat ions (2.53b) and (2 .53d) ,  
i t  fo l lo w s  th a t
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whi 1 e
v = (— M l *  -  I j  .
1 . ^ 9  A  0
= _(_2a_)I [ e x p ( - t  ) - exp(-T ) ] .  
1+a2 RJ x 0
(2 . b 7 b )
From equations (2 .5 5 ) ,  (2 .57a) ,  and (2.57b) we note th a t  i f  
v  x0 >> 1, then Q = V = 0 and the emit ted r a d ia t io n  is  unpo la r ized .  
A n a ly t i c  expressions fo r  Q and V have also been obtained f o r  the 
homogeneous case (Pacholczyk 1977; Meyg it t  and Wickramasinghe 1982). 
However, t h e i r  d e r iv a t i o n  i s  obtained in  terms o f the th ree  e m is s i v i t i e s  
J j , Jg, Jy or t h e i r  corresponding absorpt ion c o e f f i c i e n t s .  We be l ieve  
our re s u l t s  are s imple r  because I ,  1), and V are obtained in  terms of the 
two absorpt ion c o e f f i c i e n t s  in the o rd inary  and e x t ra o rd in a ry  modes and 
is  thus more p h y s ic a l l y  appea l iny .
I t  fo l lo w s  i f  I x *  I Q, then
This re s u l t  has also been obta ined by M eyy i t t  and Wickramasinghe (1982) 
using a m o d i f i c a t io n  o f the s ing le  p a r t i c l e  method. They c a lc u la te  eacn 
Stokes parameter and f i n d  equat ion (2.58) in  the l i m i t  of  large Faraday 
r o t a t i o n .  The re s u l t  is  remarkable in  th a t  the expression f o r  Q/V is  
independent of the o p t i c a l  depths in  the plasma and hence can provide a 
semple and va luab le  probe (Wwg and 0) of the plasma.
1  _ s i n 20 
C 2ucos0 ( 2 . 5 8 )
CHAPTER 3
POLARIZED RADIATION FROM MAGNETIC CVS
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I .  AM HERCULIS BINARIES
This sect ion  conta ins the re su l ts  and conclusions of a study of the 
p o la r ized  o p t i c a l  r a d ia t i o n  from AM Her b in a r ie s .  The f i r s t  two 
subsect ions are an o r ie n ta t i o n  to  the s u b je c t .  Subsect ion (a) is  a 
d iscuss ion of the impor tan t  observat ional  p ro pe r t ie s  of these systems 
such as the l i n e a r  p o la r i z a t i o n  pulse and the p e r i o d i c a l l y  modulated 
c i r c u l a r  p o l a r i z a t i o n .  In subsect ion (b ) ,  the successes and f a i l u r e s  
of the e a r ly  c a lc u la t io n s  on AM Her b in a r ies  are d iscussed. This 
sec t ion  ends w i th  a p resen ta t ion  o f new re s u l t s  (subsect ions c and d) 
and conclusions (subsect ion e) of work which has been publ ished in  a 
paper by B a r re t t  and Chanmuyam (1984a). These new re s u l t s  are more 
q u a n t i t a t i v e  than the e a r ly  c a lc u la t io n s  so th a t  the shortcominys of the 
basic model which was used in  both stud ies are more pronounced.
a) Early  Observations
The f i r s t  two AM Her b in a r ie s  (AM Her, AN UMa) were d iscovered in 
1977 (see Chapter 1, sec t ion  I ) .  By 1980, the number had r isen  to  
fou r :  AM Her, AN OMa, VV Pup, EF Eri  (EF E r i d a n i ) .  A s t r i k i n y  fea tu re  
of a l l  observat ions was the presence of a l i n e a r  p o la r i z a t i o n  pulse once 
per o r b i t a l  p e r io d .  I n t e r e s t i n y l y , thouyh the c i r c u l a r  p o la r i z a t io n  
curves o f these b in a r ie s  were d i f f e r e n t  f o r  each one (see F iys .  3 .1 -  
3 .4 ) ,  i t  was poss ib le  to  separate the c i r c u l a r  p o la r i z a t i o n  curves in to  
th ree  cases: (1) the p o la r i z a t i o n  never chanyes siyn  (AN UMa, F iy .
3 .2 ;  EF E r i ,  F iy .  3 .4 ) ,  (2) the p o la r i z a t io n  does chanye siyn  (AM
Her, F ig .  3 .1 ) ,  and (3) the p o la r i z a t io n  is  zero f o r  la rye  f r a c t i o n s  of
AM HERCULIS
P O LE PO LE
a *»a v  o n
C O
O PTICAL LIGHT CURVE
-12 8
V
X  -  RAT 
M A X .
CIRC ULAR P O LA R IZ A T IO N
-10  -
ORBITAL PHASE
F ig .  3 . 1 . - -Sketch  o f v isua l  l i g h t  curve (Pr iedhorsky _et__al_. 1973), 
p o la r i z a t i o n  curves (Tapia 1977a), and phases of the s o f t  X-ray maximum 
and minimum (Hearn and Richardson 1977) f o r  AM Her. The p o s i t io n  of the 
a c t i v e  magnetic pole of the whi te  dwarf at se lec ted phases is  shown 
p ro jec ted  onto the s t e l l a r  d isk  in  the above i l l u s t r a t i o n s .  The short  
term (~  5 minute) o p t i c a l  v a r ia t io n s  ( f l i c k e r i n g )  are smoothed over in 
these l i g h t  curves. From Chanmuyam and Dulk (1931).
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F ig .  3 . 2 . --Same as Figure 3.1 but f o r  VV Pup. The o p t i c a l  l i g h t  and 
p o la r i z a t i o n  ( s o l i d  l i n e s )  curves are from Tapia (1977b and p r i v a t e  
communicat ion).  The c i r c u l a r  p o la r i z a t i o n  (dashed l i n e )  i s  from L ie b e r t  
and Stockman (1979) dur ing a more a c t i v e  observing p e r io d .  The X-ray 




o p t i c a l  l ig h t  c u r v e
C IR C U LA R  P O LA R IZ A T IO N
-10
-5 0
L IN E A R  P O LA R IZ A TIO N
0 R 3 I T A L  PHASE
F iy .  3 . 3 . --Same as Figure 3.1 but f o r  AN UMa. The l i g h t  and 
p o la r i z a t i o n  curves in  the B band are from Krzeminski and Serkowski 
(1977). The X-ray observat ions (Hearn and Marshal l  1979) and o p t ic a l  
observat ions were made about a year a p a r t .  From Chanmugam and Uulk 
1981.
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2 A 0 3 I I -  227
© o  ©
O PTICAL L IG H T  CURVE
U>
0 R 3 I T A L  PHASE
F ig .  3 . 4 . — Same as F iyure  3.1 but f o r  EF E r i .  The o p t i c a l  l i g h t  curve 
is  from Bond, Chanmugam, and Grauer (1979) . The p o la r i z a t i o n  l i g h t  
curves are from Tapia (1979 and p r i v a te  communicat ion).  From Chanmugam 
and Uulk 1981.
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the o r b i t a l  per iod (VV Pup, F iy .  3 .3 ) .  In a d d i t io n  to  the p o la r i z a t io n  
curves, two b in a r ies  (AM Her, AN UMa) were observed in  X-rays .  The 
maximum X-ray i n t e n s i t y  corresponds w i th  the maximum c i r c u l a r  
p o la r i z a t i o n  in AN UMa (F ig .  3 .2 ) ,  but the opposi te  s i t u a t i o n  occurs in 
AM Her where the maximum X-ray i n t e n s i t y  corresponds to  minimum negat ive 
c i r c u l a r  p o la r i z a t i o n  (F ig .  3 . 1 ) .  Also in  AM Her, the minimum X-ray 
i n t e n s i t y  corresponds to  p o s i t i v e  c i r c u l a r  p o la r i z a t i o n ;  a change ot 
sign from the X-ray maximum.
In t h e i r  model o f  AM Her b in a r ie s  (see Chapter 1, sect ion  I )  
Chanmuyam and Wagner (1977) described a magnetic whi te  dwarf w ith  a hot 
postshock region which is  the re s u l t  of  a cc re t iny  matter  from i t s  
companion s ta r  at one or both magnetic po les .  The postshock is  located 
on the sur face of the whi te  dwarf at c o la t i t u d e  6 ( the angle between the 
r o ta t i o n  axis and the maynetic d ip o le  a x is ;  see F iy .  3 .b ) .  Therefore , 
the postshock c i r c l e s  the s ta r  in  one o r b i t a l  p e r io d .  Since the 
i n c l i n a t i o n  i ( the anyle between the r o ta t i o n  axis  and the l i n e  of 
s ig h t )  o f the whi te dwarf can be at any angle, t h i s  postshock region can 
(see F ig .  3 .6 ) :  (1) always remain in  view (AN UMa, EF E r i ) ,  (2)
remain in  view but approach the l imb of the whi te  dwarf (AM Her) ,  and 
(3) pass behind the l imb and be ec l ipsed  by the whi te  dwarf (VV Pup). 
These th ree cases would then appear to  correspond to  the th ree  cases of 
c i r c u l a r  p o l a r i z a t i o n .  Of course, a fo u r th  case can e x is t  where the 
postshock (assuming one pole a cc re t ion )  is  always behind the l imb of the 
wh i te  dwarf,  but none of these b in a r ie s  would be i d e n t i f i e d  as AM Her 
b in a r ie s  because no p o la r i z a t i o n  or X-rays would be de tec ted .  The 
h ig h ly  p o la r ized  ra d ia t i o n  i s  i n d i c a t i v e  of cyc lo t ro n  emission as noted 
by Tapia (1977) and suggested by Ingham, Brecher, and Wasserman
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1ine o f  
s ig h t
phase angle
F iy .  3 . b . - -S ke tch  o f coord ina te  system f i x e d  at cente r  o f maynetic 
whi te  dwarf .  The l i n e  of s igh t  is  along the p o s i t i v e  y - a x i s .  The anyle 
between the maynetic f i e l d  B, which is  assumed to  be along the maynetic 
d ip o le  a x is ,  and the l i n e  o f s i y h t  is  0. An equat ion f o r  0 can be 
w r i t t e n  in  terms of the i n c l i n a t i o n  i ( the anyle between the l i n e  of 
s ig h t  and the r o ta t i o n  ax is )  and the c o la t i t u d e  6 of the maynetic pole 
( the anyle between the magnetic d ipo le  ax is  and the r o ta t i o n  a x i s ) .  The 
phase 4> = 0 i s  def ined by the maximum l i n e a r  p o la r i z a t i o n  pulse ( i f  two 
pulses are observed).  The magnetic d ip o le  ax is  i s  pe rpend icu la r  to  the 
l i n e  of s ig h t  at t h i s  phase.
r o t a t i o n  ax is
i \
acc re t ion  
column
F ig .  3 .6 . - -A  sketch o f views of the acc re t ion  column at se lected 
o r b i t a l  phases and magnetic c o la t i t u d e s .  The acc re t ion  column: is  never 
ec l ipsed  by the whi te  dwarf at c o la t i t u d e  (1 ) ,  i s  on the l imb of the 
whi te  dwarf at c o la t i t u d e  (2 ) ,  and is  ec l ipsed  at c o la t i t u d e  (3 ) .
(1976). I f  Faraday ro ta t i o n  is  important in the r a d ia t i v e  t r a n s f e r ,  
which i t  should be when a strong maynetic f i e l d  i s  p resen t ,  then a 
l i n e a r  p o la r i z a t i o n  pulse should appear when the c i r c u l a r  p o la r i z a t io n  
chanyes siyn as is  observed in  AM Her ( F i y .  3 .1 ) .
b) Past C a lcu la t ions
The f i r s t  c a lc u la t io n s  of po la r ized  ra d ia t i o n  from hot plasmas in  
AM Her b in a r ie s  were made by Chanmuyam and Dulk (1981) and Megy i t t  and 
Wickramasinghe (1982). The re s u l t s  of these c a lc u la t i o n s  conf irmed the 
specu la t ion  th a t  the l i n e a r  p o la r i z a t i o n  pulse observed in  a l l  AM Her
b in a r ie s  (p rese n t ly  ten known) occurs at the o r b i t a l  phase when the
maynetic f i e l d  in  the acc re t ion  column i s  near ly  perpend icu la r  to  the 
l i n e  of s igh t  and when the c i r c u l a r  p o la r i z a t i o n  chanyes s iy n .  From tne 
r e s u l t s  o f these c a l c u la t i o n s ,  i t  was a lso deduced th a t  the po la r ized  
o p t i c a l  r a d ia t io n  is  from moderately hiyh harmonics (5 < s < 15) at a 
magnetic f i e l d  < 4 x 10^ gauss and is  not from the fundamental cyc lo t ron  
harmonic as was i n i t i a l l y  be l ie ved .  I t  is  a lso a p re d ic t io n  of the 
c a lc u la t i o n s  th a t  the low harmonics (s < 4) would have t v  n > >  1
A jU
( o p t i c a l l y  t h i c k ;  see Chapter 2, sect ion  I I I ) ,  because the absorpt ion
c o e f f i c i e n t s  are la rye  ( “ x 0 > lU-!3) at these harmonics and the path
lengths are long (1 > 10^).  Thus the i n t e n s i t y  I would approach a
(Ray le iyh-Jeans) blackbody i n t e n s i t y  I KJ (see F ig .  3 .7 ) .  Because the
o p t i c a l  depth decreases w i th  inc reas iny  harmonic number, e v e n tu a l l y ,  at
some harmonic s* where 5 < s* < 15 -r ~ 1 and the spectrum reaches
~  ~  ,  X ,  o
i t s  maximum i n t e n s i t y .  Above s * ,  -t << 1 ( o p t i c a l l y  t h i n )  and the
A j  U
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F ig .  3 .7 .--Comparison o f the Rayleigh-Jeans spectrum and cyc lo t ron
spectra  at se lec ted values of the d imensionless plasma parameter 
2
A = u ^ l / a ^ c .  The maximum c y c lo t ro n  f l u x  de f ines  the cyc lo t ro n  
harmonic cj* / oĉ  which has a lso an o p t i c a l  depth -t ~ 1.
( a „  < l (J"y ) at hi yh harmonics.' x , o ~ 3
Q u a l i t a t i v e  comparisons of observa t ions and theory were made in  the 
papers of Chanmugam and Dulk (1981) and Wickramasinghe and Meggit t  
(1982) . This l a t t e r  paper was an a p p l i c a t io n  of c a lc u la t io n s  by Meggi t t  
and Wickramasinghe (1982). Q u a n t i ta t i v e  comparisons were made in  the 
paper by B a r r e t t  and Chanmugam (1984) (see the next subsec t ion ) .  
Chanmugam and Dulk (1981) appl ied  t h e i r  model to  the fo u r  AM Her 
b in a r ie s  (c .  1980; see F igs .  3 .1 - 3 .4 ) .  They reached the fo l lo w in g  
conclus ions about AM Her and VV Pup. In AM Her, the po la r ized  l i g h t  is  
from the coo le r  (kT < 1 keV) accre t ion  column o v e r ly in g  the shock 
because the c i r c u l a r  p o la r i z a t i o n  is  observed when the X-ray emission 
beneath the shock is  ec l ipsed  (F ig .  3.1) and the hot (kT > 2 0  keV) shock 
or postshock does not produce l i n e a r  p o la r i z a t i o n  except at o p t i c a l l y  
t h i n  high harmonics (F ig .  3 .9 a ) .  Chanmugam and Dulk (1981) also noted 
th a t  t h e i r  s imple slab model cannot exp la in  a l l  fea tu res  of the 
observa t ions .  F i r s t ,  no unpo lar ized component was inc luded in  t h e i r  
c a lc u la t i o n s  to  reduce the p o la r i z a t i o n  which is  much la rg e r  than 
observed. Second, a second l i n e a r  p o la r i z a t i o n  pulse is  expected when 
the c i r c u l a r  p o la r i z a t i o n  reverses sign the second t ime,  but i s  not 
observed. T h i r d ,  Chanmugam and Dulk (1981) suggested th a t  a b e t te r  
model would be a c y l i n d e r  w i th  a boundary la ye r  instead of an 
homogeneous plasma s lab .  In the ana lys is  of the c i r c u l a r  p o la r i z a t io n  
(F ig .  3 .9 a ) ,  Chanmugam and Dulk (1981) have concluded th a t  the low 
p o la r i z a t i o n  and v isua l  f l u x  in  the V spectra l  band at phase 0.6 ( the 
" s t a n d s t i l l " ) ,  where the X-ray f l u x  is  a maximum (F ig .  3 .1 ) ,  probably 
re s u l t s  from viewing the a cc re t ion  column at a small angle (9 < 30°) .









F ig .  3 . 8 . --The cyc lo t ro n  absorpt ion  c o e f f i c i e n t s  in  the e x t ra o rd in a ry  
(X) and o rd ina ry  (0) modes at the s i x t h  harmonic and 1 KeV as a fu n c t io n  
o f cos 9. The l i n e  cente r  i s  gj/ ŵ  = 5.93 at t h i s  temperature . The 
dashed curves correspond to  the n o n r e l a t i v i s t i c  approximat ion of 
Engelmann and Curato lo  (1973). From Chanmugam and Dulk (1981).
o 85
N O U V Z l U V I O d
F ig .  3 . 9 . - - ( a )  The c i r c u l a r  ( s o l i d  l i n e )  and l i n e a r  (dashed l i n e )  
p o la r i z a t i o n  from a plasma slab fo r  c yc lo t ro n  harmonics s = 4, b, 6, and 
7 as a fu n c t io n  o f cos 0. The l i n e  centers occur a t eo/cô  = 3.97, 4 .9b, 
5 .93, and 6.90, r e s p e c t i v e l y . The temperature o f  the plasma kT = 1 keV, 
the dimensionless parameter A = 10®, and 1 = 10® cm. (b) The log of 
the i n t e n s i t y  ( in  u n i t s  o f ergs cm"®) as a fu n c t io n  o f cos 0 f o r  the 
same values as in (a ) .  From Chanmugam and Dulk 1981.
apparent area, and low i n t e n s i t y  of the cyc lo t ron  emission (F ig .
3 .9 b ) .  They have also accounted f o r  the r e l a t i v e  lack of v a r ia t io n  in  
the blue and UV spectra l  bands as a re s u l t  of  o p t i c a l l y  t h i n  high 
harmonic cyc lo t ro n  emission.
In Chanmugam and D u lk 's  ana lys is  of VV Pup, a l l  o f  the remarks 
about AM Her a lso app ly .  The i r  only comment on VV Pup has been about 
the c i r c u l a r  p o la r i z a t i o n  observed dur ing  b r ig h t  a c t i v e  pe r iods .  They 
have suggested th a t  the p o la r i z a t i o n  is  due to  an extended acc re t ion  
column which is  always in view; con t ra ry  to  the i n t e r p r e t a t i o n  by 
L ie b e r t  and Stockman (1977) f o r  the second magnetic pole becoming 
a c t i  ve.
Wickramasinghe and Meggi t t  (1982) only app l ied  t h e i r  model to  VV 
Pup. The i r  r e s u l t s  were in  q u a l i t a t i v e  agreement w i th  the 
observa t ions .  However, as Chanmugam and Dulk found, the o p t ic a l  
p o la r i z a t i o n  from t h e i r  model c a lc u la t io n s  were ~ 3-5 t imes la rg e r  than 
the observed p o la r i z a t i o n  (F igs .  3.10 and 3 .1 1 ) .  They i n te rp re te d  t h i s  
re s u l t  as evidence fo r  the presence of an unpolar ized or weakly 
p o la r ized  component of ra d ia t io n  which dominates in  the blue and UV 
spectra l  band. As f o r  the geometry of the acc re t ion  column, no d e f i n i t e  
conclusions were reached using the model c a lc u la t io n s  of o p t i ca l  
p o la r i z a t i o n .
In a d d i t i o n  to  the impor tan t  papers by Chanmugam and Dulk (1981) 
and Meggi t t  and Wickramasinghe (1982) on the p o la r i z a t i o n  p ro pe r t ie s  
o f magnetic CVs, a t h i r d  paper by Bra inerd and Lamb (1984) should also 
be mentioned. The i r  ana lys is  did not inc lude the p o la r i z a t i o n  
p ro p e r t ie s  o f  c yc lo t ro n  r a d ia t i o n .  Instead, they determined the 
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F ig .  3 .1 0 . --The i n t e n s i t y  and p o la r i z a t i o n  spectra  f o r  o p t i c a l l y  t h i n  
emission at 10 keV at var ious angles 9 to  the magnetic f i e l d .  The 
s o l i d ,  dash, and dash-dot. l i n e s  correspond to  i n t e n s i t y ,  l i n e a r  
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F ig .  3 .1 1 .--Broadband l i n e a r  and c i r c u l a r  p o la r i z a t i o n  curves as a 
fu n c t io n  of r o ta t i o n a l  ( o r b i t a l )  phase <)> f o r  the model w i th  i = 3U° (6 = 
1U0°) ,  kT = 1U keV, B = 3.18 x 10^ gauss, A = lO*3. The dotted sect ions 
correspond to  the phases when the emission region (assumed to  be a po in t  
source) w i l l  be ec l ipsed  by the body of the whi te  dwar f .  The 
observat ions are from L ie b e r t  et__al_. (1978) obtained when the system was 
in  a s ta te  w ith  mm^n ~ 17.6, mmax ~ 17.4. From Meggi t t  and 
Wickramasinghe 1982.
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change of the l i n e a r  p o la r i z a t i o n  p o s i t io n  angle w ith  phase (F igs .  3.12, 
3 .1 3 ) .  The i r  r e s u l t s  are inc luded in Table 1 at the end of Chapter 1. 
From t h e i r  a n a ly s is ,  Bra inerd and Lamb (1984) concluded th a t  the 
d iscovery of AM Her s ta rs  is  s t ro n g ly  a f fe c ted  by observat ional  
s e le c t io n  e f f e c t s  and th a t  th ree  t imes the present number (1U) of AM 
H ercu l is  b in a r ie s  e x i s t .
The c a lc u la t i o n s  o f Chanmuyam and Dulk (1981) and Meggi t t  and 
Wickramasinghe (1982) were made in the col 1i s io n le s s  approx imat ion. On 
the o ther  hand, Pavlov, M i t ro fanov ,  and Shibanov (198U) have shown th a t  
absorp t ion  due to  col 1i s io n a l  e f f e c t s  (meaning inverse bremsstrahluny 
and Thomson s c a t te r i n g )  would be important in plasmas at r e l a t i v e l y  low 
temperatures and high f requenc ies .  However they did not exp la in  the 
impor tant p o la r i z a t i o n  observat ions such as the l i n e a r  p o la r i z a t io n  
pu lse .  In subsect ion ( c ) ,  r e su l t s  of comparisons between the cyc lo t ron  
c a lc u la t i o n s  of Pavlov, M i t ro fanov ,  and Shibanov (198U) and the f l u x  and 
p o la r i z a t i o n  observat ions by Tapia (1977) are presented. Results of 
s i m i l a r  comparisons usiny a two component model (a po la r ized  and an 
unpo lar ized  component) and the s ing le  p a r t i c l e  method to  c a lcu la te  the 
absorp t ion  c o e f f i c i e n t s  are presented in subsect ion (d ) .  Conclusions 
about these two s tud ies  are given in  subsect ion ( e ) .
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F ig .  3 .1 2 .--Comparison of the f i t t e d  th e o r e t i c a l  curves and the 
observa t iona l  data f o r  the chanye in  the l i n e a r  p o la r i z a t i o n  p o s i t io n  
anyle w i th  phase f o r  AM Her. The e c l ip se  length  A<)> is  f i x e d  at U. lb  in 
a l l  th ree  f i t s .  From Bra inerd and Lamb 1984.
F iy .  3 .1 3 . --Same as F iy .  3.12, but fo r  AN UMa. The i + 6 is  f i xe d  at 
8b° in  a l l  th ree  f i t s .
c) The N o n r e l a t i v i s t i c  Approximation
(From the paper by B a r re t t  and Chanmugam 1984a)
i )  Results 
1) Absorpt ion C o e f f i c ie n ts  
The absorp t ion  c o e f f i c i e n t s  ay n (w,0) were c a lcu la te d  usiny the
A j  U
n o n r e l a t i v i s t i c  d i e l e c t r i c  fo rm u la t ion  described in  Chapter 2, sect ion 
I I  f o r  plasmas w i th  temperatures kT < 1 keV. For the col 1i s io n le s s  
case (v = U), e x c e l le n t  agreement was obtained w i th  the re s u l t s  of  
Chanmugam and Dulk (1981) f o r  temperatures kT < 1 keV. Hence we i n f e r  
from the agreement w ith  the c o l l i s i o n l e s s  c a lc u la t i o n s  th a t  the 
col 1i s io n a l  c a lc u la t io n s  (v *  U) are also v a l i d  in  t h i s  reg ion .  As the 
temperature is  increased above 1 keV, the re s u l t s  begin to  disagree 
in c re a s in g ly  w i th  temperature . For example w ith  kT = b keV and harmonic 
number s = 6 the re s u l t s  d i f f e r  by about a f a c to r  of two from those of 
Chanmugam and Dulk (1981). This discrepancy is  probably due to  the non­
r e l a t i v i s t i c  nature o f the method o f Pavlov, M i t ro fa n ov ,  and Shibanov 
(198U). The n o n r e l a t i v i s t i c  approximat ion a lso re s u l t s  in  a 
disagreement when e u/2 , because the r e l a t i v i s t i c  mass e f f e c t  is 
neglected and ->■ 0 as is  discussed in  Chapter 2.
The absorp t ion  c o e f f i c i e n t s  in  the o rd ina ry  and e x t ra o rd in a ry  modes 
are p lo t te d  as a fu n c t io n  of angle 0 f o r  a plasma at a temperature kT =
1 keV and 0.2 keV in Figures 3.14 and 3.1b, r e s p e c t i v e l y .  Results are 











F ig .  3 .1 4 . --The absorp t ion  c o e f f i c i e n t  a is  p lo t te d  aga inst  angle 
0 f o r  a plasma at a temperature kT = 1 keV and magnetic f i e l d  B = 3 x 
107 gauss. The absorp t ion  c o e f f i c i e n t s  are p lo t te d  in  u n i t s  of 
co^/u^c. The chain-dash and cha in -do t  curves correspond to  the 
e x t ra o rd in a ry  and o rd ina ry  modes, r e s p e c t iv e ly ,  when the e f fe c t s  of 
c o l l i s i o n s  and Thomson s c a t te r i n g  are inc luded .  The dash and dot curves 
correspond to  the e x t ra o rd in a ry  and o rd ina ry  modes, r e s p e c t i v e l y , fo r  
the c o l l i s i o n l e s s  case. P lo ts  f o r  harmonic numbers = b, 7, and 9
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F ig .  3 . lb .- -Same as F ig .  3 .14, except th a t  the temperature is  kT = U.3 
keV. Harmonics co/wy = 4, 6, and 8 are p lo t te d  in  F igs .  3.1ba, 3.15b, 
and 3.15c.
Thomson s c a t te r i n y  as is  in  the previous subsect ion) and col 1i s i  on I ess 
cases fo r  cyc lo t ron  harmonics s = b, 7, and 9 (F iy .  3.14) and s = 4, 6,
and 8 (F ig .  3 .1 5 ) .  We note from Figures 3.15a,b th a t  f o r  s = 4, the
c o l l i s i o n a l  e f f e c t s  ( in  t h i s  case, those of Thomson s c a t t e r i n y ,  not 
inverse  bremsstrahlung) become important only f o r  0 < 45°. Whereas fo r  
s = 6, they are important f o r  9 < 6(J°. In f ig u re s  3.14 and 3.1b, even
though the e f fe c t s  of c o l l i s i o n s  are dominant at small 9, the re  are
d i f fe re n c e s  between ax and aQ due to  the an iso t ropy  imposed on the 
plasma by the magnetic f i e l d .  Hence po la r ized  ra d ia t i o n  may be emitted 
even when c o l l i s i o n s  are dominant (see (2) below) since I x *  I Q (eqs.
2 .b7a ,b ,  provided x v , x n  are not much y re a te r  than 1) .
X u
In Figure 3.16, the behavior of the absorpt ion c o e f f i c i e n t  as a 
func t ion  of harmonic number at a f i xed  angle 9 = 6U° and kT = 1 keV and 
c o l l i s i o n a l  e f f e c t s  become important w i th  inc reas ing  harmonic number. 
Another important po in t  is  th a t  the harmonic fea tu res  are not 
d i s c e r n ib le  f o r  s > 5 at 0 = 6U° (see a lso Pavlov, M i t ro fanov ,  and 
Shibanov 1980). Fur thermore, c o l l i s i o n a l  e f f e c t s  become important fo r  
frequencies between the l i n e  centers .
To summarize, several important po in ts  can be made about the 
c o l l i s i o n a l  e f f e c t s  on the absorp t ion c o e f f i c i e n t :  (1) As i s  wel l  known 
(Trubnikov 1958; Chanmugam and Dulk 1981; and references t h e r e in ) ,  the 
col 1i s io n le s s  cyc lo t ro n  absorpt ion c o e f f i c i e n t  in c lu d in g  the e f fe c t s  of 
c o l l i s i o n s  decreases s t r o n y l y  w i th  the anyle 9 between the l i n e  of s igh t  
and the magnetic f i e l d  (see F igs .  3.14 and 3 .1 b ) .  The c o n t r i b u t i o n  to  
the absorpt ion  c o e f f i c i e n t s  from c o l l i s i o n s ,  on the o ther  hand, depend 
only weakly on the anyle 9. As 0 + U, the c o l l i s i o n a l  e f f e c t s  become 
more important and e ve n tu a l l y  are the dominant absorp t ion  mechanism
(B a r re t t  and Chanmugam 1983). (2) The c o l l i s i o n a l  e f f e c t s  also become
important w ith  inc reas ing  harmonic number. This is  a re s u l t  of  the 
rap id  decrease in the cyc lo t ro n  absorpt ion c o e f f i c i e n t  w i th  inc reas ing  
harmonic number in  the col 1i s io n le s s  case, whereas the absorpt ion from 
c o l l i s i o n s  depends on ly weakly on harmonic number (see F igs .  3 .16 ) .
(3) C o l l i s i o n a l  e f f e c t s  become more important at lower temperatures 
(Pavlov,  M i t ro fa n ov ,  and Shibanov 1980). The cyc lo t ro n  absorpt ion 
c o e f f i c i e n t  decreases w i th  decreasing temperature w h i le  the 
bremsstrahlung absorpt ion c o e f f i c i e n t  a c tu a l l y  increases moderately with 
decreasing temperature . Note in  p a r t i c u l a r  tha t  at kT = 2U keV and 0 = 
60°, c o l l i s i o n a l  e f f e c t s  are important only f o r  s > 16 whereas at kT = 1 
keV they are important f o r  s > 6.
(b) P o la r i z a t io n
The p o la r i z a t i o n  of the ra d ia t io n  emitted by a homogeneous plasma 
slab was ca lcu la ted  by using the method described in  Chanmugam and Dulk 
(1981) f o r  the case of la rge  Faraday r o t a t i o n .  The re s u l t s  were checked 
against equat ion (2 .57a,b)  which were der ived on ly  a f t e r  most of the 
c a lc u la t i o n s  were completed. For a plasma slab o f th ickness  1 which is  
p a r a l l e l  t o  the magnetic f i e l d  (see F ig .  3.17) the o p t i c a l  depths are 
yiven by t x_0 = a ^p /s in e .
The f r a c t i o n a l  p o la r i z a t i o n  versus angle i s  p lo t te d  f o r  
temperatures kT = l .U  and U.2 keV in Figures 3.18 and 3 .19 .  We have 
inc luded the p o la r i z a t i o n  f o r  both the c o l l i s i o n a l  and c o l l i s i o n l e s s  
cases as in  Figures 3.14 and 3.1b f o r  the absorpt ion c o e f f i c i e n t s .  



















F ig .  3 .1 6 . - - P l o t s  o f  the absorpt ion c o e f f i c i e n t s  versus 
f o r  a magnetic f i e l d  o f  3 x 107 gauss, temperatures kT = 1 keV, and 
0 = 60°.  The u n i t s  and n o ta t io n  are the same as in  F ig .  3 .14 .
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F ig .  3 .1 7 .— Sketch o f an i n f i n i t e  plasma slab o f th ickness  1 and 
magnetic f i e l d  p a r a l l e l  to  i t s  su r face .  The wave vec to r  k i s  at an 
angle 0 to  the magnetic f i e l d  B. The o p t i c a l  depth along k i s
Tx,o “  ax , o ^ s^n9 ‘
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F ig .  3 .1 8 . - - P l o t s  of (a) the f r a c t i o n a l  l i n e a r  p o la r i z a t i o n ,  (o) the 
f r a c t i o n a l  c i r c u l a r  p o la r i z a t i o n ,  and (c) the f l u x  per u n i t  frequency 
versus anyle 0 at oo/tog = 5, 7, and 9 from a homoyeneous plasma slab w ith  
kT = 1 keV. The plasma s lab o f th ickness 1 = lL)y cm and dimensionless 
parameter A = 10a is  o r ien ted  p a r a l l e l  to  the maynetic f i e l d  B = 3 x 1U7 
gauss. The s o l i d  and dashed l in e s  correspond to  the c o l l i s i o n a l  and 
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F iy .  3 .1 9 . --The same as F iy .  3.18, except kT = 0.8 keV and 
w/wg = 4, 6, and 8.
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magnetic f i e l d  B = 3 x 10 gauss, dimensionless parameter A = 10 ana a
slab th ickness 1 = 10^ cm to r  kT = 1.0 and 0.3 keV, re s p e c t iv e ly .
Figures 3.18b and 3.19b show the corresponding c i r c u l a r  p o la r i z a t i o n .
The harmonics p lo t te d  in  Figures 3.18 and 3.19 are those harmonics we
be l ieve  would be seen in  the v i s i b l e  and in f ra re d  p o r t ion  of the
spectrum of AM Hercu l is  s ta r s .  A couple of general po in ts  can be made
about the f r a c t i o n a l  p o la r i z a t i o n :  (1) fo r  cyc lo t ron  harmonics above
★
some value s , the f r a c t i o n a l  p o la r i z a t i o n  decreases w i th  increas ing  
harmonic number, and (2) the f r a c t i o n a l  p o la r i z a t io n  in  the c o l l i s i o n a l  
case is  lower than in  the col 1i s io n le s s  case.
For the f r a c t i o n a l  l i n e a r  p o la r i z a t io n  s p e c i f i c a l l y ,  the 
c o l l i s i o n a l  e f f e c t s  are la rg e .  The l i n e a r  p o la r i z a t i o n  pulse at 1 keV 
(F ig .  3.18a) drops d ra m a t ica l ly  to  j u s t  a few percent u n t i l  at harmonic 
s = 9, the pulse completely d isappears.  The l i n e a r  p o la r i z a t i o n  at U.2 
keV (F ig .  3.19a) shows behavior s im i l a r  to  th a t  shown in  Figure 3.18a 
except th a t  the pulse disappears at s = 8.
The e f fe c t s  of c o l l i s i o n s  on the f r a c t i o n a l  c i r c u l a r  p o la r i z a t i o n  
are even more pronounced. We note f i r s t l y  the s i g n i f i c a n t  decrease in 
the f r a c t i o n a l  c i r c u l a r  p o la r i z a t i o n .  Another i n t e r e s t i n g  e f f e c t  is  
th a t  the f r a c t i o n a l  c i r c u l a r  p o la r i z a t i o n  approaches 0% when e -► U° fo r  
a plasma slab p a r a l l e l  to  the magnetic f i e l d .
This behavior of the c i r c u l a r  p o la r i z a t i o n  gives a na tura l  
exp lana t ion  o f  the " s t a n d s t i l l "  observed, f o r  example, in  AM Hercu l is  
and PG 1550+191, i f  we assume the p o la r i z a t io n  is  emit ted from a long 
column. Part  o f the exp lanat ion  f o r  t h i s  decrease in  the c i r c u l a r  
p o la r i z a t io n  is  th a t  the o p t i c a l  depths xx Q  +  °° as 9 0° w ith  an
i n f i n i t e  plasma s lab .  But even fo r  the case of a plasma slab
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perpend icu la r  to  the maynetic f i e l d  (F iy .  3.20) where the o p t ica l  
depth x -> t (some constant value < <*>) as 9 -> 0 ° ,  there  is  s t i l l  a
A j U  (J
decrease in the p o la r i z a t i o n  to  a non-zero value < 100%. In both cases, 
as 9 + 0° ,  the p o la r i z a t i o n  decreases from a maximum va lue .
(c) Emitted Flux
The emit ted f l u x  per u n i t  surface area from the s lab ,  p a r a l l e l  to  
the magnetic f i e l d ,
F = tiI s ine (3 .1 )
is  presented in  Fiyures 3.18c and 3.19c f o r  the temperatures kT = 1 and
0.2 keV, r e s p e c t i v e l y .  There are two po in ts  to  be not iced in the
emit ted f l u x :  (1) The f l u x  in  the col 1i s io n le s s  approximat ion
decreases by ~ 10 f o r  each increase in  harmonic number. This behavior 
does not occur in the c o l l i s i o n a l  approx imat ion. The f l u x  in such a 
case var ies  by only a fa c to r  o f 2 or 3 f o r  each increase in  harmonic 
number. (2) The f l u x  in  the c o l l i s i o n a l  case has a weak dependence on
angle in  con t ras t  to  the f l u x  in  the col 1i s io n le s s  case which has a
strong dependence on angle.
(d) The Shock-Heated Region
C a lcu la t ions  of the r a d ia t io n  emit ted by the shock-heated reyion 
were made f o r  the col 1i s io n le s s  case using the s in y le  p a r t i c l e  method ot 
Chanmugam and Dulk (1981). The temperature of t h i s  region was taken to
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F ig .  3.20--Same as F ig .  3 .17, but maynetic f i e l d  i s  perpend icu la r  to  
the surfaces of the slab and the o p t i c a l  depth x = av l / c o s 9 .
A j  U  A  j  U
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be kT = 30 keV cons is ten t  w ith  the hard X-ray temperature observed fo r  
AM H ercu l is  (Rothschi Id et__al_. 1981). The c o l l i s i o n l e s s  approximation 
is  s a t i s f a c t o r y  at temperatures above 20 keV and s < 16 because the 
e f fe c t s  o f c o l l i s i o n s  and Thomson s c a t te r in g  are less im po r tan t .  The 
shock-heated region was represented by an i n f i n i t e  plasma slab 
pe rpend icu la r  to  the magnetic f i e l d  (see F ig .  3 .2 0 ) .
The absorpt ion c o e f f i c i e n t s  f o r  the harmonics s = 16 and 18 are
shown in  Figures 3 .21a ,b .  From the c a lc u la t io n s  of King and Lasota
(1979), and Lamb and Masters (1979), the shock height i s  expected to  l i e
7 9in the range 10 cm < h < 10 cm. The o p t i c a l  depth xY = aY nh > 1
^  ^  A j  U  A j  U
f o r  a l l  angles. Therefore the p o la r i z a t i o n  from t h i s  region should be 
n e g l i g i b l e .  Figures 3.22a,b show the f r a c t i o n a l  l i n e a r  and c i r c u l a r  
p o l a r i z a t i o n ,  r e s p e c t i v e l y ,  from a plasma slab of he ight h = 10^ cm. 
Despite the low value of h, we see th a t  i t  is  d i f f i c u l t  to  obta in  a 
l i n e a r  p o la r i z a t i o n  pulse unless s > 18. Such a high value fo r  s shows 
th a t  the p o la r ized  r a d ia t i o n  cannot a r ise  in  the shock-heated region as 
a re s u l t  of  thermal c y c lo t ro n  emiss ion. The emit ted f l u x  per u n i t  area 
is  given in  Figure 3 .22.
i i )  A p p l i c a t io n  to  AM H ercu l is
In t h i s  sec t ion  we b r i e f l y  compare our re s u l t  w i th  o p t i c a l  
observa t ions o f AM H e rc u l i s .  The t h e o r e t i c a l  c a lc u la t i o n s  o f the 
emit ted r a d ia t i o n ,  w i th  c o l l i s i o n s  inc luded ,  are c a r r ie d  out f o r  a 
homogenous plasma s lab p a r a l l e l  to  the magnetic f i e l d  B. These re s u l t s  
are compared to  the observed l i n e a r  p o la r i z a t i o n  ( Q / I ) ,  c i r c u l a r  
p o la r i z a t i o n  ( V / I ) ,  the r a t i o  Q/V, and the v isua l  f l u x  (Tapia 1977).
! 1 I I I
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F ig .  3.21 — (a) Absorpt ion c o e f f i c i e n t  versus angle 0 at = lb  f o r
B = 3 x 107 gauss and kT = 3D keV. The absorpt ion c o e f f i c i e n t  was 
c a lcu la te d  in  the c o l l i s i o n l e s s  approx imat ion. The dash and dot curves 
correspond to  the e x t ra o rd in a ry  and o rd ina ry  modes, r e p e c t i v e l y ,  in  
u n i t s  o f oj^/ojgC. (b) Same as above f o r  w/u^c = 18.
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F ig .  3.22— PIo ts of (a) l i n e a r  and (b) c i r c u l a r  p o la r i z a t i o n  versus 
angle 0 f o r  w/ojg = 16 and 18 at kT = 30 keV. The dimensi onl ess 
parameter A = 106 and 1 = 106 f o r  a plasma o r ien ted  perpend icu la r  to  the 
magnetic f i e l d  B = 3 x 10^ gauss, (c) P lo ts  of f l u x  aga ins t  0 fo r  the 
same parameters.
106
The viewiny anyle 0 i s  re la ted  to  the o r b i t a l  phase , the i n c l i n a t i o n  
i and the c o la t i t u d e  6 of the magnetic pole of the whi te  dwarf by the 
equati  on:
cos 0 = cos i cos 6 -  s in  i s in  5 cos [2n(<t>-<t>0 )J . (3 .2 )
Thus when the acc re t ion  column (or  homogeneous plasma s lab)  is  
pe rpend icu la r  to  the l i n e  o f s ig h t  cos 0 = 0  and cot i cot 6 = cos 
[ 2 tx( <t>— 4> ) ] .  The phase 4> = 0 i s  chosen to  correspond to  the pr imary 
l i n e a r  p o la r i z a t i o n  pu lse .  Hence, when the f i e l d  i s  perpend icu la r  to 
the l i n e  of s ig h t  f o r  the second t ime,  the c i r c u l a r  p o la r i z a t io n  chanyes 
sign at phase ^  = 2$Q. However a second l i n e a r  p o la r i z a t i o n  pulse is  
seen in f r e q u e n t l y  at t h i s  phase.
In Figure 3.23, the smoothed vers ion of the data of Tapia (1977) in 
the V band (64U0 A) is  compared to  the "best f i t "  of the th e o r e t i c a l  
c a lc u la t io n s  wnere B, T, i ,  6 and the slab th ickness  1 were va r ied .  The 
parameter values th a t  give the best f i t  are B = 2.7 x 107 yauss, kT =
0.2 keV, 1 = 2.6 x 10y cm, i = 46°, and 6 = bb°. From equation (2 .b 8 ) ,  
i t  fo l lo w s  t h a t  <t> = 0.13 w h i le  the c i r c u l a r  p o la r i z a t i o n  changes sign
f o r  the second t ime in  each cycle at phase ^  = 0.26 in  agreement w ith  
Tapia (1977). By f i t t i n g  the change in the p o s i t io n  angle o f the l in e a r  
p o la r i z a t i o n ,  Bra inerd and Lamb (19B4) f i n d  i = 3b° and 6 = 60° so 
th a t  (j)̂  = 0*19. This disagreement i s  probably due to  there  beiny few 
observa t iona l  data po in ts  near phase ^  in  the data we have used.
From Figure 3.24 we note th a t  good agreement w ith  the c i r c u l a r  
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F iy .  3 .2 3 . - - P l o t s  o f f r a c t i o n a l  l i n e a r  and c i r c u l a r  p o la r i z a t i o n ,  Q/V, 
and v isual  magnitude versus phase fo r  one cyc le  of AM H e rc u l i s .  The 
symbol ( + ) corresponds to  the observed data taken from Tapia (1y77) and 
the s o l i d  l i n e  corresponds to  the th e o r e t i c a l  c a l c u l a t i o n .  The plasma 
has a slab width 1 = 2.6 x 108 cm, temperature kT = 0.2 keV, and is  
o r ien ted  p a r a l l e l  to  a magnetic f i e l d  o f 2.7 x 10^ gauss. The 
i n c l i n a t i o n  i = 46° ( the angle between the l i n e  of s ig h t  and the 
r o ta t i o n  ax is )  and 6 = 65° ( the angle between the d ip o le  ax is and the 
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the observed c i r c u l a r  p o la r i z a t io n  curve is  asymmetr ic, t h i s  is  expected 
because there  is  no asymmetry in the model we have used. The r a t i o  Q/V 
der ived t h e o r e t i c a l l y  in equat ion (2.b8) is  not in  agreement w ith  
observat ions near phase $ » U.b. Since the th e o r e t i c a l  expression is  
independent of kT, N and 1, i f  the c r i t e r i o n  f o r  l a ry e  Faraday ro ta t io n  
is  s a t i s f i e d ,  t h i s  shows th a t  a simple change of these values cannot 
overcome the d iscrepancy. The discrepancy must th e re fo re  a r is e  because 
of o ther  e f fe c t s  such as the breakdown of the assumption of homogeneity 
and symmetry of the acc re t ion  column. I t  i s  poss ib le  t h a t  a region of 
h igher temperature, poss ib ly  the shock-heated reg ion ,  emits an 
unpo lar ized o p t i c a l  f l u x  which reduces the p o la r i z a t i o n  (see e .y .  
Chanmugam and Dulk 1981). Such a f l u x  may also exp la in  the discrepancy 
w i th  the v isua l  l i g h t  curve. The l a t t e r ,  except f o r  the region near 
phase t  = U.b, may be understood to  a r ise  from a region of c ross-  
sec t iona l  area A ~ 10*6 cm^. The size of t h i s  area appears reasonable.
We must emphasize th a t  the values we obtained to  f i t  the data are 
not necessar i ly  c o r r e c t .  F i r s t ,  the observed value of the magnetic 
f i e l d  is  probably c lose r  to  2 x 107 gauss, (e .g .  Schmidt,  Stockman, and 
Margon 1981). Secondly, the temperature of U.2 keV appears to  be too 
hot f o r  the plasma above the  shock and too cool f o r  the shock region 
i t s e l f .
Nevertheless we are very surpr ised th a t  such a simple model does 
f i t  most of the data so w e l l .  Whether or not t h i s  model is  c o r re c t ,  
such good f i t s  provide encouragement f o r  simple , but more r e a l i s t i c  
models in the f u t u r e .
I f  the magnetic f i e l d  is  taken to  be 2 x 1U7 gauss the best f i t s  
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(F ig .  3 .24 ) .  Figure  3.25 shows the th e o r e t i c a l  c a lc u la t io n s  using 
Brainerd and Lamb's values fo r  i and 6 w ith  B = 2 x 10^ gauss, and kT =
1 keV. The best f i t  was obtained f o r  1 = 3.5 x 1U® cm.
d) The R e l a t i v i s t i c  Approximation
In the a p p l i c a t io n  to  AM Hercu l is  using the c o l l i s i o n a l  
n o n r e l a t i v i s t i c  approx imat ion, a l l  comparisons of the model c a lc u la t io n s  
to  the observat ions were made f o r  a s ing le  spec tra l  band (V band). More 
s t r in g e n t  requirements are obtained when the model c a lc u la t io n s  are 
app l ied  s imul taneous ly  to  the c i r c u l a r  p o la r i z a t i o n  and f l u x  from two or 
more spec tra l  bands. This type of comparison was made using the 
c o l l i s i o n a l  n o n r e l a t i v i s t i c  approx imat ion. The data of AM Hercu l is  used 
fo r  t h i s  comparison was by Priedhorsky et__al_. (1978). They obtained 
c i r c u l a r  p o la r i z a t i o n ,  co lo r  (B-V), and f l u x  data (see F igs .  3 .26-3.29)  
in  the V and I spec tra l  bands. Reasonable f i t s  to  the c i r c u l a r  
p o la r i z a t i o n  observat ions were found from the re s u l t s  (not shown) of 
t h i s  a n a lys is ,  but the f i t s  to  the f luxes  in  both bands were poor; 
s p e c i f i c a l l y ,  the slope o f the spectrum could not be f i t  p ro p e r ly .  
There fo re ,  comparisons to  t h i s  data using the r e l a t i v i s t i c  approximation
and a two component model were attempted.
(j and V (see eqs. 2 .57a,b ) have been ca lcu la ted  using the two
component model in  the same manner as the s in g le  component model i s  used
in sect ion  ( b ) .  The only d i f fe re n c e  is  th a t  the t o t a l  f l u x  is  the sum 
o f  a p o la r ized  (c y c lo t ro n  r a d ia t i o n )  and an unpo lar ized component ( I ^ o t  
= I p 0] + I unp ) .  The o r ig i n  of t h i s  unpolar ized component is  only
112
fc‘"   1-------1  >------- '------------------- ■   1-------1-------1-------1------- 1-------1-------" i i ---------------- rV ’̂'y  —
•»»., %  J\  J-’i ,  J->>, J\  %  , %  f ><, -’■V, \  JJ ir %  * r ,  J\  } >t, J\  3\  J\  JUf \
■’/  ■>} -V  ' f t  -V  '■>> f t  ft ■*> *, ’■?. « /  Of ■«$ f t  f t  ' f t  f t  ' • * /
i
F ig .  3 .2 6 . - - P l o t s  of f r a c t i o n a l  c i r c u l a r  p o la r i z a t i o n  ( lower)  and V 
band f l u x  (upper) versus phase fo r  more than one cyc le  of AM H e rc u l i s .  
The symbol ( + ) corresponds to  the observed data from Pr iedhorsky et a l . 
(1978) and the s o l i d  l i n e  corresponds to  the t h e o r e t i c a l  c a l c u la t i o n .  
The plasma has a slab width 1 = 3.5 x 10y cm, temperature kT = 20 keV, 
and is  o r ien ted  p a r a l l e l  t o  a maynetic f i e l d  o f  2 x 10^ yauss. The 
i n c l i n a t i o n  i = 35° and 6 = 60°. The unpo lar ized component con t r ibu te s  
tw ice  the f l u x  as the p o la r ized  component. Not ice t h a t  the leve l  of 
p o la r i z a t i o n  is  near ly  c o r r e c t ,  but th a t  the shape of the th e o r e t i c a l  
p o la r i z a t i o n  curve var ies  too r a p id l y .  The f l u x  was normal ized to  th a t  
of the V band.
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F ig .  3 .2 7 . --Same as F ig .  3.26, but f o r  the I band. Not ice  th a t  the 
c i r c u l a r  p o la r i z a t i o n  va r ies  w i l d l y  and the 1 band f l u x  i s  too low.
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F ig .  3 .2 9 . --Same as F ig .  3.26, but f o r  the I band at kT = 1U keV. 
Not ice th a t  the f l u x  leve l  is  near ly  the same, but th a t  the shape of the 
c i r c u l a r  p o la r i z a t i o n  curve is  poor.
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co n je c tu re .  The r a t i o  of unpo lar ized f l u x  to  po la r ized  f l u x  was 2 :1 .
A l l  o ther  model parameters remained the same as in  the previous 
n o n r e l a t i v i s t i c  approximation c a lc u la t io n s  in  sect ion  (b ) .
The re s u l t s  of comparisons usiny the two component model are 
presented in  Figures 3 .26 -3 .29 .  The re s u l t s  f o r  a 2U keV plasma 
temperature are poor f o r  two reasons (see F iys .  3.2b and 3 .27 ) :  (1) The
slope of the spectrum between the I and V bands is  f i t  p o o r ly .  The 
slope of the spectrum is  too steep. (2) Even though the leve l of 
p o la r i z a t i o n  appears c o r rec t  in both spec tra l  bands, the shape o f the 
p o la r i z a t i o n  is  poor.  I t  is  too steep at some phases and too f l a t  at 
o ther  phases of the o r b i t a l  pe r iod .  There fore ,  a lower temperature (kT 
= 10 keV) plasma was used. The re s u l t s  (see F iys .  3.28 and 3.29) at 
t h i s  temperature f o r  the slope of the spectrum were much b e t te r .
Comparisons of the c i r c u l a r  p o la r i z a t i o n ,  though, were s t i l l  poor (F iys .
3.28 and 3 .29 ) .
e) Conclusions
In sect ion (b ) ,  we have corrected the col 1i s io n le s s  c a lc u la t io n s  of 
the cyc lo t ro n  absorp t ion c o e f f i c i e n t s  made in  Chanmuyam and Dulk 's  
(1981) paper to  inc lude  the e f fe c t s  of c o l l i s i o n s  and Thomson 
s c a t t e r i n g .  These e f fe c t s  increase the opac i ty  and hence reduce the 
p o la r i z a t i o n  of the emit ted r a d ia t i o n .  For example, in  the c a lc u la t io n s  
of Chanmugam and Dulk (1981) f o r  plasmas w i th  temperatures kT ~ 1 keV 
and harmonic number ~ 6 , the c i r c u l a r  p o la r i z a t i o n  approached 100% to r  
small 6 wh i le  the l i n e a r  p o la r i z a t i o n  approached 100% fo r  9 » n /2 .  The 
e f f e c t  o f c o l l i s i o n s  and Thomson s c a t te r i n y  i s  to  reduce these values
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s u b s t a n t i a l l y  and b r in y  them down to  the observed values ~ 1U%. In t h i s  
regard i t  should be noted th a t  the p r in c ip a l  absorbing mechanism does 
not necessar i ly  have to be due to  cyc lo t ron  abso rp t ion .  Any absorbing 
mechanism where % v  *  xn and w ith  % , % not both much g rea ter  than 1 is
A U A  U
s u f f i c i e n t  to  produce the observed le ve ls  o f p o la r i z a t i o n .
In the previous papers of Chanmugam and Dulk (1981) and Meyy it t  and 
Wickramasinghe (1982), on ly  q u a l i t a t i v e  comparisons between theory and 
observat ions were made. Q u a n t i ta t i v e  comparisons are, however, 
extremely d i f f i c u l t  because the observat ions are complex. Neverthe less, 
we have attempted to  make such comparisons using the ( s t i l l  
o v e r s im p l i f i e d )  model of a homogeneous plasma slab in  a p a r a l l e l  
maynetic f i e l d .  S u rp r i s in g l y  good agreement w i th  the o p t i c a l  
observat ions of AM Her (Tapia 1977) were obtained except near o r b i t a l  
phase <j> = 0 .5 .  The disagreement between the p red ic ted  and observed 
values of Q/V near t h i s  phase shows th a t  the simple model breaks down. 
The best f i t  value f o r  the magnetic f i e l d  of 2.7 x 107 gauss i s  h igher 
than the observed f i e l d  o f ~ 2 x 107 yauss. This means th a t  the o p t ica l  
emission must come from a h igher  harmonic and h igher  temperature than 
the best f i t  value o f kT = 0.2 keV. This sugyests th a t  the shock-heated 
reg ion ,  and hence the inhomogeneity in the plasma, must be taken in to  
account ( c f .  M eyy i t t  and Wickramasinghe 1984). A l t e r n a t i v e l y ,  the 
assumption th a t  the plasma is  Maxwell ian may not be v a l i d  (L ie b e r t  and 
Stockman 1983). F i n a l l y ,  i t  should be emphasized th a t  the treatment of 
Thomson s c a t te r i n g  as an absorbing mechanism is  not s t r i c t l y  c o r re c t .
In sect ion  ( c ) ,  we have found th a t  the slope of the spectrum is  f i t  
by a plasma w i th  a temperature o f 10 keV and th a t  the p o la r i z a t i o n  is  
reduced by the a d d i t io n  of an unpolar ized component to  the leve l  seen in
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the observa t ions .  Thus, we conclude tha t  the p o la r ized  r a d ia t io n  comes 
from near the shock or postshock because the temperature ot the 
p o la r ized  ra d ia t i o n  i s  approximately  the postshock temperature , and tha t  
the p o la r i z a t i o n  i s  a m ix tu re  of po la r ized  and unpo lar ized  r a d ia t i o n .
In re ference to  a previous comment on the t r a n s f e r  o f p o la r ized  
r a d ia t io n  in  a hot magnetized plasma, the p o la r i z a t i o n  must be emit ted 
from a region where x ~ 1, because no p o la r i z a t i o n  is  emit teda j  U
f o r  t  >> 1 (blackbody ra d ia t i o n )  or % «  1 (very weakX, 0 X j 0
i n t e n s i t y ) .  There fore ,  we conclude th a t  the p o la r ized  r a d ia t io n  comes
from an inhomogeneous temperature boundary laye r  around the postshock of
the a cc re t ion  column ( inhomogeneit ies in  e le c t ron  number dens i ty  in  the
boundary laye r  are probably not important because the plasma is  already
q u i te  tenuous; c f .  Meggi t t  and Wickramasinghe 1984).
We also conclude tha t  the s t a n d s t i l l  seen in  the V band is  a re s u l t
of the plasma becoming o p t i c a l l y  t h i n  at small 9 and high harmonics.
Whereas in the I band, the plasma is  not o p t i c a l l y  t h i n ,  because the
emission is  at lower harmonics and hence the opac i ty  i s  l a r g e r .
F i n a l l y ,  i f  the postshock he ight is  ~ lUy cm, then a proper
t reatment o f Thomson s c a t te r i n g  of the p o la r ized  ra d ia t i o n  in  the
equations of r a d ia t i v e  t r a n s f e r  should be made, because the value of the
H 1s c a t te r i n g  (or  in  our case, absorp t ion)  c o e f f i c i e n t  is  ~ 1U cm- 1 . 
Otherwise, i f  the postshock he ight i s  much less ~ 10y cm, then Thomson 
s c a t te r i n g  can probably be neglected (see Chapter 2, sect ion  I and 
Meggi t t  and Wickramasinghe 1984).
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I I .  DQ HERCULIS BINARIES
(From the paper by B a r re t t  and Chanmuyam 1984b)
a) In t ro d u c t io n
Cataclysmic va r iab les  are b inary systems in  which a whi te  dwarf 
accretes matter  from a red dwarf companion (Robinson 197b). The 
de tec t ion  of s trong o p t i c a l l y  po la r ized  r a d ia t io n  (Tapia 1977) from a 
subclass o f these systems, the AM Hercu l is  b in a r ie s  (L ie b e r t  and 
Stockman 1984) has been in te rp re te d  (Chanmuyam and D u I k 1981; Meyy i t t  
and Wickramasinghe 1982) as cyc lo t ron  r a d ia t io n  a r i s i n g  near a magnetic 
pole of the whi te  dwarf of s t rength  B ~ few x 10^ gauss. Conversely,  the 
absence of o p t i c a l l y  po la r ized  ra d ia t io n  from o ther  catac lysmic  
v a r ia b le s ,  has been in te rp re te d  ( e . g . ,  Warner 1983; Jameson et a l .
1982; Robinson and Nather 1983; Lamb and Patterson 1983) to  imply tha t  
the whi te dwar f 's  magnetic f i e l d  i s  weaker (B < 10^ yauss) than in  the 
AM Her b in a r ie s .  This l a t t e r  i n t e r p r e t a t i o n  i s ,  in  genera l ,  in c o r re c t  
and re s u l t s  in  erroneous conclus ions reyard iny  the magnetic f i e l d s  in  
these systems. In p a r t i c u l a r ,  we show th a t  i f  B ~ few x lO'7 yauss and 
the b inary separat ion i s  s u f f i c i e n t l y  la rye  to  accommodate an accre t ion  
d is k ,  then no s i g n i f i c a n t  o p t i c a l l y  p o la r ized  r a d ia t io n  would be 
expected. This i s  e i t h e r  because the unpolar ized ra d ia t i o n  from the 
acc re t ion  d isk  d i l u t e s  the po la r ized  r a d ia t io n  from near the magnetic 
po le ,  or because the p r in c ip a l  pulsed o p t i c a l  r a d ia t io n  observed is  due 
to  reprocessed r a d ia t io n  which is  not s i g n i f i c a n t l y  p o la r iz e d .
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b) P o la r i z a t io n
Consider acc re t ion  onto a maynetic whi te  dwarf of mass M^b (= M0) 
and radius RWD (= 5 x 10y cm) from a companion s ta r .  The maynetic f i e l d  
c o n t ro ls  the f low of the a cc re t in y  matter w i t h in  the maynetospheric (or 
A l fven )  sur face  o f radius r A. I f  rA >> Rwb, the a cc re t in y  matter w i th in  
the maynetosphere f lows onto the magnetic po le (s )  via  an accre t ion  
co lumn(s) .  I f  r A < r o r b , where r Qrb i s  the o r b i t a l  separa t ion ,  an 
acc re t ion  d isk  forms ou ts ide  the maynetosphere, as i s  observed in many 
CVs. This est imate  i s  on ly  a rouyh one. More accu ra te ly  the 
t ra n s fe r re d  matter  only has enouyh anyu lar  momentum to  form a disk at 
rad ius 0 . 1 r o r b . Hence, f o r  r A < U . l r orb a d isk  c e r t a i n l y  forms. I f  
U . l r Qrb < r A < r Qrb, i t  appears p la u s ib le  th a t  a r ing  of d i s k l i k e  
s t ru c tu re  could form ou ts ide  the maynetosphere. Such a r in y  of yas, 
l i k e  an a cc re t ion  d isk would also emit unpo lar ized r a d ia t i o n .  I f  
r A ~ r orb» as be^ eved t0  occur in  the AM H ercu l is  b in a r ie s ,  no 
a cc re t ion  d isk  is  formed and the whi te  dwarf ro ta tes  synchronously 
(Chanmuyam and Wagner 1977; Stockman et a l . 1977). Whether a disk is  
formed or no t ,  a standing shock is  formed in  the acc re t ion  column near 
the sur face of the whi te  dwarf .  The temperature (Hoshi 1973) of the 
postshock region is  given by kTs ~ ID keV (see Chapter 1) and is  
independent of the mass acc re t ion  ra te  m . The po la r ized  r a d ia t io n  is 
be l ieved to  a r is e  in  or j u s t  above the postshock reg ion ,  at cyc lo t ron  
harmonic number ~ 5 to  15 (Chanmugam and Dulk 1981; Meggi t t  and 
Wickramasinghe 1982). Only f i e l d s  ~ few x ID7 gauss place these 
harmonics in  the o p t i c a l  band. For weaker f i e l d s  (B < 1U7 gauss) the 
r a d ia t io n  i s  p o la r ized  at IR and lonyer wavelengths and f o r  s tronger
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f i e l d s  (B > 5 x 10^ gauss) po la r ized  at UV and shor te r  wavelengths. I f  
A i s  the c ro ss -sec t io n a l  area at the base of the acc re t ion  column and 
the he ight of the postshock region i s  < A ^2 the lum inos i ty  of the 
o p t i c a l l y  p o la r ized  r a d ia t i o n ,  at a frequency w is  l im i te d  by the 
Rayleigh-Jeans lu m in o s i ty  from the postshock region and s a t i s f i e s
Lpol i AkTs “ 3op t / l z A 2 - I 3 -3 :
2The value o f A (= 4uR f )  is  d i f f i c u l t  to  es t imate .  D i f f e r e n t
est imates f o r  f  have been made f o r  the AM H ercu l is  b in a r ies  and ranye
w ide ly :  f  ~ 10"^ to  10“  ̂ (Patterson et a l . 1984; see also Imamura ana
Durisen 1983), f  ~ 10” ^ (Raymond et__al_. 1979) and up to  poss ib ly  f  ~ U.l
(King and Shaviv 1984).
Next consider  CVs w i th  roughly the same system parameters as in the
AM Hercu l is  b in a r ie s ,  but having a s u f f i c i e n t l y  la rye  o r b i t a l
separa t ion ,  r^  < r Qrb, so th a t  an accre t ion  d isk  may then form in  these
systems. Since a l l  o f  the AM Hercu l is  b in a r ie s  (Robinson 1976) have
o r b i t a l  per iods Porb < 3.7 h r ,  these CVs are l i k e l y  to  have PQrd
> 4  h r .  I f  the d isk is  o p t i c a l l y  t h i c k ,  the d isk  lu m in o s i t y ,  at op t ica l
2 3 2 2f requenc ies ,  is  given by Ld = arcR dkTd c , where Rd ~ b x l l r u
cm is  the ra d iu s ,  and Td ~ 10^ K is  the temperature of the d is k .  The
q u a n t i t y  a ~ 0.5 co r rec ts  f o r  the inaccuracy of the Rayleigh-Jeans
approx imat ion. The r a d ia t io n  from the d isk would be unpolar ized and
would exceed the lu m in o s i ty  of the o p t i c a l l y  po la r ized  r a d ia t io n  from
2 9the acc re t ion  column by a fa c to r  o f at leas t  (Rd/4 fR^)  (Td/ T s ) *
0.13 f “ l  i f  f  << 0 .1 .  Now, the f r a c t i o n a l  p o la r i z a t i o n  of the ra d ia t io n  
emit ted by the acc re t ion  column is  u n l i k e ly  to  exceed the maximum value
of = 40% (L ie b e r t  and Stockman 1984) observed in  the AM Hercu l is  
b in a r ie s .  Thus, i f  f  < 10"^ as has been sugyested by several authors 
(e .g .  Patterson _et_ a_l_. 1984; Raymond et a l . 1979) the f r a c t i o n a l  
observable p o la r i z a t i o n  would be < 1.0%. Such weak p o la r i z a t i o n  i s  
d i f f i c u l t  to  d e te c t .  I f  f  i s  large (> 0 .1 ) ,  then i t  would appear tha t  
s i g n i f i c a n t  p o la r i z a t io n  may be expected. However, i f  the po la r  cap is  
large then the rey ion e m i t t i n y  cyc lo t ro n  r a d ia t io n  w i l l  conta in  an 
inhomogeneous magnetic f i e l d .  I f  the po la r  cap, assumed to  be c i r c u l a r ,  
subtends an anyle 2p at the center  of the s t a r ,  then cos p = 1 -  2 f .  
Thus, i f  f  = 0.1 to  0.2b, p = 37° to  60°. Hence, f o r  a d ip o la r  f i e l d  
o = Bn (R / r )3  (2 cose, s ine ,  0 ) ,  in  obvious spher ica l  po la r  
coo rd ina tes ,  the s t rength  and the d i r e c t i o n  of the f i e l d  var ies 
s i g n i f i c a n t l y  across the po la r  cap. Also f o r  a given acc re t ion  ra te ,  
the postshock he ight h * f ,  i f  breinsstrahlung is  the dominant coo l iny  
mechanism, and can become comparable to  the radius of the s t a r .  In 
a d d i t io n  fo r  a cc re t ion  from a d isk ,  the maynetic f i e l d  is  l i k e l y  to be 
sheared so th a t  the inhomoyeneity o f a d ipo le  f i e l d  is  l i k e l y  to  be 
enhanced. Thus because of a combination of these f a c to r s ,  the emitted 
p o la r i z a t i o n  would be lower than in  the AM H ercu l is  b in a r ie s ,  but a 
prec ise est imate is  d i f f i c u l t  to  make.
These re s u l t s  are re levan t  f o r  the DQ H ercu l is  b in a r ie s  (Robinson 
1976; Lamb and Patterson 1983) which are another subclass of CVs. These 
b in a r ie s  are be l ieved to  conta in  asynchronously r o ta t i n g  maynetic white 
dwarfs (see however Robinson and Nather 1983; where i t  i s  sugyested th a t  
one of these,  V533 H e rc u l i s ,  is  instead a p u lsa t in g  wh i te  dwar f ) .  Tnere 
is  no d i r e c t  evidence fo r  magnetic f i e l d s  in  these b in a r ie s ,  s ince they 
n e i t h e r  emit de tec tab le  po la r ized  l i g h t  nor show spectroscop ic  evidence
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of magnetic f i e l d s ,  as in the AM Hercu l is  b in a r ie s .  Est imates fo r  the 
f i e l d s  have been deduced from the spin-up p ro pe r t ie s  of the whi te  dwarf 
f o r  d isk a c c re t io n ,  and range from ~ 6 x 10^ gauss f o r  AE Aquar i i  to  3 x 
lUb - 1 x 10® gauss fo r  TV Columbae (Lamb and Patterson 1983). However, 
these values are model dependent (Anzer and Borner 1983). In the past,  
the absence of o p t i c a l l y  p o la r ized  ra d ia t io n  has given preference to  the 
lower values (B < 10^ gauss) (Warner 1983; Jameson et a l . 1982; Lamb and 
Patterson 1983).
The o p t i c a l  ra d ia t io n  from these systems may show v a r ia t io n s  with  
one or more periods corresponding to  the r o ta t i o n a l  and o r b i t a l  periods 
(e .g .  Warner 1983). Radia t ion w i th  the r o ta t i o n  pe r iod ,  presumably 
equal to  the period of X-ray v a r ia t io n s  when observed, probably a r ises  
in  the a cc re t ion  columns of the whi te dwarf .  I t  has been suggested tha t  
the o p t ic a l  v a r ia t io n s  w i th  the beat period ar ises  as a re s u l t  of  
reprocess iny o f the X/EUV f l u x  by a component of the system which 
remains s ta t io n a ry  in  the r o ta t i n g  frame (Hassal l  et__al_. 1981; Patterson 
and Pr ice  1981), such as the companion s ta r  or the acc re t ion  d is k .  Such 
reprocessed ra d ia t io n  is  u n l i k e l y  to  have s i g n i f i c a n t  p o la r i z a t i o n .  I t  
should be emphasized th a t  the re  are energe t ic  (Patterson and Price  1981) 
and geometr ical  (King and Shaviv 1984) d i f f i c u l t i e s  in  models invok iny  
reprocessi ny .
c) Discussion
Any s i g n i f i c a n t  p o la r ized  r a d ia t io n  emit ted by the DQ Hercu l is  
b in a r ie s  should a r is e  in  the acc re t ion  column of the magnetic whi te
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dwarf and hence w i l l  show v a r ia t io n s  with  the r o ta t i o n  per iod of the 
whi te  dwarf.  I f  the ampl i tude of these v a r ia t io n s  is  l  and i f  i t  is 
assumed th a t  the unpulsed ra d ia t io n  is  unpo la r ized ,  any po la r ized  
r a d ia t io n  emitted would be d i l u te d  by a f a c to r  ~ 1 /£ .  Optica l  
observat ions show th a t  £ var ies  from ~ 0.01 fo r  AE Aquar i i  (Patterson 
1970) to  « 0.4 f o r  H 2215-086 (Sha t te r  and Targon 1982). However, i t  is  
not always c lea r  whether these ampli tudes correspond to  o p t i ca l  
v a r ia t io n s  with  the r o ta t i o n  pe r iod .  For example, H 2252-035 e x h ib i t s  
th ree  d i s t i n c t  periods correspondiny to :  the o r b i t a l  per iod o f  3.59 hr ,  
the X-ray period of 805 seconds which is  most l i k e l y  the r o ta t i o n  period 
o f the whi te  dwarf ,  and one of 859 seconds which i s  the beat period 
between the other  two. The ampli tudes of the o p t ic a l  v a r ia t io n s  are
0 .1 ,  0.02 (Warner _et__al_. 1981) and 0.05, re s p e c t i v e l y .  Thus i f  t h i s  
system had a s u f f i c i e n t l y  strong maynetic f i e l d  to  emit po la r ized  l i y h t ,  
i t  would be d i l u te d  by a fa c to r  ~ 50 which would be d i f f i c u l t  to  
d e te c t .  H 2215-086 shows large  ampli tude o s c i l l a t i o n s  ~ 0.4 w ith  a 
period of 21 minutes. However, no X-ray pu lsa t ions  have been detected 
ye t  from t h i s  system so i t  is  unknown whether or not these large 
ampli tude o s c i l l a t i o n s  a r is e  from the acc re t ion  column. I f  they do, 
then the absence of o p t i c a l  p o la r i z a t io n  would be cons is ten t  w ith  the 
system haviny a magnetic f i e l d  which is  not in the ranye (1-5)  x 10^ 
gauss, or would imply th a t  there  is  s i g n i f i c a n t  d e p o la r iz a t io n  of tne 
r a d ia t io n  emit ted by a la rge  po la r  cap. We note th a t  large po la r  cap 
models also have d i f f i c u l t i e s .  I f  the X-ray emission is  due to  
bremsstrahluny r a d ia t i o n ,  a la rge  postshock he ight h > R is  required in 
order to  account f o r  the emission measure.
In conc lus ion ,  we emphasize th a t  the absence of o p t ica l
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p o la r i z a t io n  does not necessar i ly  imply th a t  the system has a weak 
magnetic f i e l d  (< 10^ yauss) .  This imp l ies  th a t  there  may e x is t  several 
systems with  o r b i t a l  per iods > 4 hr in  which the whi te  dwarf has a 
strong magnetic f i e l d .  This also supports the hypothesis th a t  the AM 
Her b in a r ie s  were once DQ Her b in a r ies  in the past when t h e i r  o r b i t a l  
separat ion was s u f f i c i e n t l y  large to  a l low fo rmation of an accre t ion  




I .  INTRODUCTION
The ten known AM Hercu l is  b in a r ies  form a subclass of ca tac lysmic  
v a r ia b le  s ta r s .  The i r  d i s t in g u is h in g  c h a r a c t e r i s t i c  is  the emission of 
s t ro n g ly  po la r ized  l i g h t  (~ 10%, Tapia 1977). C h a ra c te r i s t i c s  more in 
common w i th  o ther  classes of ca taclysmic va r iab les  are rap id  o p t i c a l  
v a r i a b i l i t y  ( f l i c k e r i n g )  and X-ray v a r i a b i l i t y  (see e .g .  the reviews by 
C h ia p p e t t i ,  Tanzi,  and Treves 1980; and L ie b e r t  and Stockman 1984). The 
standard model f o r  these systems env is ions a magnetic whi te  dwarf 
a cc re t ing  matter  from a red dwarf companion. The s trony magnetic f i e l d  
prevents fo rmation of an accre t ion  d isk ;  instead the a cc re t ing  matter  
f lows alony the magnetic f i e l d  l in e s  and is  funne l led  i n t o  an accre t ion  
column above one or both the magnetic poles of the whi te  dwarf 
(Chanmuyam and Wagner 1977). A s t a t i c  shock above the maynetic poles 
slows and heats the i n f a l l i n y  mat te r ,  so th a t  the hot postshock plasma 
(w i th  a temperature T where kT ~ 1U keV; Hoshi 1973) s e t t l e s  onto the 
whi te  dwarf sur face.
Several methods have been used to  determine the magnetic f i e l d s  of 
AM Hercu l is  b in a r ie s .  The f i r s t  method exp la ins  the la rye  f r a c t i o n a l  
o p t i c a l  p o la r i z a t i o n ,  as being due to  cyc lo t ro n  emission from the hot 
postshock region or i t s  v i c i n i t y  at cyc lo t ron  harmonics n ~ 5-30. In 
order  to  place these harmonics in the o p t i c a l  band, one requi res  
maynetic f i e l d s  ~ (1-4) x 10^ yauss (see Chanmuyam and Uulk 1981;
Meggit t  and Wickramasinyhe 1982; and B a r re t t  and Chanmuyam 1984). The 
second method uses Zeeman spectroscopy and has led to  the i d e n t i f i c a t i o n  
of maynetic f i e l d s  of ~ 2 x 10^ yauss in  AM Her (Schmidt,  Stockman, and 
Margon 1981; Latham, L ie b e r t  and S te ine r  1981; Hutch inys, Crampton and 
Cowley 1981), CW11U3 + 254 (Schmidt, Stockman and Brandi 1983), and
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HU13y-268 (Wickramasinghe, Visvanathan, and Tuohy 1984). This method 
leads to the dete rminat ion of the maynetic f i e l d  at the sur face of the 
whi te  dwarf.  However, i t  must be used when the system is  in a “ low" 
s ta te  (a s ta te  when the system is  o p t i c a l l y  f a i n t ,  im p ly iny  low 
acc re t ion  ra tes)  or a f a i n t  phase (an o r b i t a l  phase when the whi te  dwarf 
ec l ipses  the shock and postshock re g io n s ) .  I t  gives no d i r e c t  
i n fo rm a t ion  about the acc re t ion  column. The t h i r d  method uses 
observa t ions of cyc lo t ron  l in e s  and is  p o t e n t i a l l y  the most accurate one 
f o r  determin ing the maynetic f i e l d  s t rength  in  the acc re t ion  column.
However, i t  has been the leas t  f r u i t f u l  s ince only one AM Hercu l is  
b in a ry ,  VV Puppis, during one t ime span, February 1979 (Visvanathan and 
Wickramasinyhe 1979; Stockman, L iebe r t  and Bond 1979) has shown these 
spec tra l  fea tures  corresponding to  a f i e l d  o f 3.08 x 1U7 gauss. The 
advantage of t h i s  method is  tha t  i t  can be used to  probe the s t ru c tu re  
of the acc re t ion  column. Th is  method was also used to obta in  the f i r s t  
d i r e c t  measurement of a maynetic f i e l d  of a neutron s ta r  (B ~ b x 1 0 ^  
gauss, Trumper et__al_. 1977 ; Voges _et_ _al_. 1983) and a so la r  f l a r e  
(B ~ 10^ gauss, W i l lson  1984).
There are several papers on the sub jec t of cyc lo t ron  l in e s  in 
a cc re t in y  maynetic whi te  dwarfs .  In p a r t i c u l a r ,  M i t ro fanov  (1980) 
analyzed the cyc lo t ro n  l i n e  p r o f i l e  at the fundamental and second 
harmonics f o r  d i f f e r e n t  o p t i c a l  depths. The c a lc u la t io n s  were made 
us iny a n o n - r e l a t i v i s t i c  theory which took i n t o  account absorpt ion in 
the o rd ina ry  and e x t ra o rd in a ry  modes. M i t ro fanov  made the assumption 
t h a t  the magnetic f i e l d s  o f AM Hercu l is  s ta rs  were of the order  of 10y 
yauss, so th a t  the fundamental and second cyc lo t ro n  harmonics were in 
the v i s i b l e  spectrum. However, the de term ina t ion  of B = 3.U8 x 1U7
gauss in VV Puppis by VW and of B = 2.9 x 10^ gauss by Wickramasinyhe 
and Visvanathan (1980) was based on the assumption th a t  the broad 
spectra l  fe a tu re s ,  equa l ly  spaced in  frequency, were absorpt ion l in e s  at 
cyc lo t ro n  harmonics n = 6, 7 and 8. A more recent ana lys is  by 
Wickramasinghe and Meggit t  (1982) however, concludes th a t  the spectra l  
fea tures  are a c tu a l l y  c yc lo t ro n  emission l i n e s .  The broad peaks 
correspond to  cyc lo t ro n  harmonics n = 6, 7, and 8; w ith  the r a d ia t io n  
emit ted perpend icu la r  to  the magnetic f i e l d  of s t reng th  3.18 x 10^ yauss 
in  a plasma of c h a r a c t e r i s t i c  temperature kT ~ 10 keV, and dimensionless
9  k
parameter A = u 1/ujgC ~ 1U (Wickramasi nghe and Meyg it t  1982). Here, 
i s  the plasma frequency,  1 is  the th ickness  of the plasma s lab, 
and cog = eB/mc is  the cyc lo t ron  frequency.
The purpose o f t h i s  chapter is  to  study in  f u r t h e r  d e ta i l  the 
fo rmation of cyc lo t ro n  l in e s  in  acc re t ing  magnetic whi te  dwarfs.  In 
sec t ion  I I ,  the absorpt ion c o e f f i c i e n t s  f o r  c yc lo t ro n  ra d ia t io n  are 
discussed and a ta b le  comparing the methods of Chanmuyam and Bulk (1981) 
to  Meggit t  and Wickramasinyhe (1982) i s  given. Next,  a general ana lys is  
of the cyc lo t ro n  spectrum is  presented fo r  a homogeneous plasma slab 
p a r a l l e l  to  a constant magnetic f i e l d .  Several f i g u re s  show how the 
spectrum changes w i th  various plasma temperatures,  viewing angles, 
o p t i c a l  depths and magnetic f i e l d  s t reng ths .  F i n a l l y  in  t h i s  se c t io n ,  a 
simple equat ion r e l a t i n y  the frequency of the cyc lo t ro n  l i n e  in terms of 
the cyc lo t ro n  frequency, harmonic number, plasma temperature , and 
viewing angle is  presented. The homogeneous model is  then appl ied  in 
sec t ion  I I I  t o  the observat ions of cyc lo t ron  l in e s  and c i r c u l a r  
p o la r i z a t i o n  in  VV Puppis (Stockman, L ie b e r t ,  and Bond 1979; Visvanathan 
and Wickramasinyhe 1979). The re s u l t s  obtained from numerical  f i t s  to
the data are compared to  the re su l ts  of Wickramasinyhe and Meggit t  
(1982). F i n a l l y ,  in sect ion IV, we c a lc u la te  the size of the postshock 
region and the d is tance to  VV Puppis using the re s u l t s  of sect ion I I I .  
The o r ie n ta t i o n  of the accre t ion  column of VV Puppis i s  a lso b r i e f l y  
di scussed.
I I .  ABSORPTION AND EMISSION OF CYCLOTRON LINES FROM A PLASMA SLAB
To c a lc u la te  the absorpt ion or emission of ra d ia t io n  from a source 
i t  is  necessary to  solve the equat ions of r a d ia t i v e  t r a n s f e r .  In 
genera l ,  the equat ions are a set of fou r  l i n e a r  i n t e g r o - d i f f e r e n t i a l  
equat ions fo r  the Stokes i n t e n s i t i e s  I ,  Q, U, and V in th ree  sp a t ia l  
va r iab les  (Chandrasekhar 1960). I f  the e f fe c t s  of s c a t te r in g  are small 
the equat ions s im p l i f y  to  a set of fou r  l i n e a r  p a r t i a l  d i f f e r e n t i a l  
equat ions. Normal ly,  the p o la r i z a b le  e f fe c t s  of the medium are 
neglected and the set of fou r  l i n e a r  p a r t i a l  d i f f e r e n t i a l  equat ions are 
reduced to  a s ing le  l i n e a r  p a r t i a l  d i f f e r e n t i a l  equat ion f o r  the t o t a l  
r a d ia t io n  i n t e n s i t y .  For a magnetoactive plasma, the e f f e c t s  of 
p o la r i z a t io n  can be q u i te  la rge  and th e re fo re  should be considered 
(Ginzbury 1970). Two methods are f re q u e n t ly  used to  solve the 
equat ions. The f i r s t  step of these methods invo lves  reducing the 
equat ions to  a set of l i n e a r  d i f f e r e n t i a l  equat ions in  one sp a t ia l  
va r ia b le  by using the geometry of a plane p a r a l l e l  atmosphere or an 
i n f i n i t e  s lab .  One method presented by Pacholczyk (1977) then solves a 
system of fo u r  coupled equat ions in  I ,  Q, U, V in  the l i m i t  of large 
Faraday ro ta t i o n  (Meggi t t  and Wickramasinyhe 1982). The o ther  method 
makes the assumption of large Faraday r o ta t i o n  at the outset (Ramaty
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1969). This al lows the set o f fo u r  coupled equat ions to  be reduced to  
two uncoupled equat ions in I 0 , I x , one f o r  each mode (o rd ina ry  and 
e x t ra o rd in a ry )  o f  wave propagation. We have used t h i s  method in  the 
present paper (see also Chanmugam and Dulk 1981; and B a r re t t  and 
Chanmugam 1984). The re s u l t  der ived by Ramaty (1969) is
di.x,o
+ av „  (u),9) I _(to,e) = J ( u , 0 ) ,  (4 .1)dz “ x,o v ’ ' ‘ x . o ' " ’ 1' '  x , o
where I Xj0 i s  the s p e c i f i c  i n t e n s i t y ,  ax>0 the absorpt ion  c o e f f i c i e n t ,  
and J x 0 the e m is s i v i t y ,  f o r  the e x t ra o rd in a ry  (X) mode and the ord inary  
(0) mode. For a Maxwell ian d i s t r i b u t i o n  o f e le c t ro n s ,  K i r c h h o f f ’ s Law 
is  appl ied to  ob ta in  the absorpt ion c o e f f i c i e n t  ax 0 in  terms of the 
blackbody i n t e n s i t y  and the e m is s iv i t y :
ax , o (u>’ 9) = J x , o (w>0 ) / ( n x,o W ’
where nx 0 is  the index of r e f r a c t i o n  fo r  both modes, and I ^ j  = 
kT aj2/8-rt3c 2 is  the Rayl ei gh-Jeans i n t e n s i t y  fo r  each mode. Therefore, a 
s o lu t io n  fo r  I x 0 i s  found in terms of j u s t  the absorpt ion c o e f f i c i e n t  
ax>0. The absorpt ion c o e f f i c i e n t  fo r  cyc lo t ron  r a d ia t io n  depends on 
fo u r  independent va r ia b le s :  the frequency of the r a d ia t io n  w, the
plasma temperature kT, the angle 9 between the magnetic f i e l d  
d i r e c t i o n  B and the wave vec to r  k, and the dimensionless constant A. 
C a lcu la t ions  of the t o t a l  absorpt ion  c o e f f i c i e n t  (a = 1/2 (ax + a0) ,  in 
u n i ts  of cOp2/ojgc) ,  were made fo r  var ious temperatures, angles 6, and 
to/ f o r  both the f i r s t  method employed by Meggi t t  and Wi ckramasi nghe 
(1982) and the second method given by Chanmugam and Dulk (1981) (Table
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4 . 1 ) .
Visvanathan and Wickramasinghe (1979) and Stockman, L ie b e r t ,  and 
Bond (1979) i n i t i a l l y  assumed th a t  the broad fea tu res  in  the spectrum of 
VV Puppis were caused by absorpt ion in  a cool magnetized plasma 
surrounding the postshock region of the acc re t ion  column and determined 
the po la r  magnetic f i e l d  to  be 3 .OB x 107 gauss. We thought i t  useful  
to  inc lude  c a lc u la t io n s  of absorpt ion in  a magnetized plasma s lab .  Our 
simple model (F igure 4.1)  has a magnetized plasma slab w i th  B = 3 x 1U7 
gauss a l igned p a r a l l e l  to  the s la b 's  su r face .  A blackbody source w ith  
temperature kT = 30 keV is  behind the plasma slab . Tnis background 
source is  meant to  represent the postshock region sh in ing  on the coo le r  
foreground plasma slab of temperature kT = 10 keV. Assuming Jx o = u 
fo r  the plasma s lab ,  we obta in  a s o lu t io n  to  equat ion (4 .1 ) :
I(u>,9) = I H j ( kTs ) (exp(-Tx ) + exp(-T0 )) , (4 .3 )
where kTs is  the temperature of the background source and % = a¥ 1
the  o p t i c a l  depth o f the plasma. Theore t ica l  spectra 
(F igure  4.2)  f o r  t h i s  absorp t ion model are then ca lcu la ted  using 
equat ion (3) and the col 1i s i  on!ess cyc lo t ron  absorpt ion c o e f f i c i e n t s  
(Chanmugam and Dulk 1981). We note the major fea tures  of these spectra 
(Wickramasinghe and Meggit t  1982; Masters 1978): (1) the troughs are
wide and rounded, (2) the c res ts  are narrow and sharply  peaked, (3) the 
troughs have an extended blue wing, and (4) the spectrum r ises  s teep ly  
toward the b lue .  The troughs correspond to  the cyc lo t ro n  l in e s  in  
absorpt ion w ith  the p r o f i l e  of the l in e s  being asymmetric. Tne 
asymmetry e x is t s  because a cyc lo t ron  l i n e  is  the sum of the absorpt ion
133
TABLE 4 .1
Values of Total  Cyc lo tron Absorpt ion C o e f f i c ie n t
kT
( keV)
e loy ( a ^ ) lo y (a CD
1.0 90.0 b.93 -7 .64 -7.64
1.0 78.5 b.93 -8.01 -8.01
1.0 66.4 b.93 -8.51 -8.50
1.0 63.1 5.93 -9.12 -9.18
1.0 36.9 b.93 -10.31 -10.46
5.0 90.0 5.67 -5.08 -5.09
b.O 78.5 5.67 -5.25 -5.25
b.O 66.4 5.67 -5.64 -5.65
5.0 63.1 5.67 -6.22 -6.25
b.O 36.9 5.67 -6.74 -6.74
10.0 90.0 4.00 -5 .00 -5 .00
10.0 90.0 6.00 -4 .98 -5.00
10.0 90.0 8.00 -5.94 -5 .96
10.0 90.0 10.00 -7.12 -7.16
20.0 90.0 4.00 -2.99 -2.99
20.0 90.0 6.00 -3 .80 -3.83
20.0 90.0 8.00 -4.78 -4.82
20.0 90.0 10.00 -5.59 -5 .65
30.0 60.0 16.00 -6.87 -7.47
30.0 30.0 16.00 -8.52 -8.57
30.0 60.0 18.00 -7.36 -8 .35
30.0 30.0 18.00 -9.14 -9.21
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F ig .  4.1 .--Diagram of a hot (kT = 30 keV) blackbody source sh in ing  on 
a coo le r  (kT = 10 keV) i n f i n i t e  plasma slab of th ickness 1 w i th  a 
magnetic f i e l d  (B = 3 x 107 gauss) p a r a l l e l  to  the su r face .  The 
r a d ia t i o n ,  w i th  wave vec to r  k, propagates at an angle 6 to  the magnetic 
f i e l d .  This diagram descr ibes the geometry o f the absorpt ion model.
The emission model i s  i d e n t i c a l  to  the absorpt ion  model except fo r  the 
omission o f the background source.
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WAVELENGTH (microns)
F ig .  4 .2 - -T h e o re t i c a l  absorpt ion  spectra f o r  0 ( the anyle between the 
magnetic f i e l d  B and the wave vec to r  k) = 90°, 7b°, 6U° and 
A (= i / l / tdgC )  = 1U6 , 10b, 104 at 10 keV and B = 3 x 1U7 gauss.
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from th a t  harmonic and a l l  h igher cyc lo t ron  harmonics. At f i n i t e  
temperatures, each cyc lo t ro n  harmonic is  s h i f te d  in  frequency by 
d i f f e r e n t  amounts, r e s u l t i n g  in  g rea ter  absorp t ion on the blue side of 
the l in e  center  than the red side (see d iscuss ion of eq. 4 . 6 ) .  The 
steep r i s e  in  the blue region of the spectrum re s u l t s  from our 
assumption th a t  the background source is  an o p t i c a l l y  t h i c k  plasma at a 
high temperature of 3(J keV. The emission can then be approximated 
throughout the e n t i r e  o p t i c a l  spectrum by a Rayleigh-Jeans spectrum.
Next, a simple model f o r  the emission from a plasma slab was 
considered. In t h i s  model, the plasma slab represents the postshock 
region of the acc re t ion  column. We solve equat ion (4 .1 )  by inc lu d in g  
the e m is s iv i t y  of the plasma s lab ,  assuming no in c id e n t  f l u x  on i t .
This is  done by s u b s t i t u t i n g  equation (4 .2 )  in t o  equat ion (4 .1 )  to 
obta i  n :
I U , 9 )  = I RJ(kT) [2 -  exp(-Tx ) - e xp ( -x0 ) ]  . (4.4)
The t h e o re t ic a l  spectra (F igure  4 .3 -4 .6 )  f o r  t h i s  model show fea tures 
which are the inverse of those fea tu res  in  the absorpt ion  model. The 
major spectra l  fea tures  present in  the emission model spectra are: (1)
deep, narrow t roughs,  (2) broad, rounded c re s ts ,  (3) the troughs have an 
extended red wing, and (4) the f l u x  decreases toward the blue 
f o r  A < 1U6 . Now, the broad peaks correspond to  the cyc lo t ro n  l in e s  and 
the asymmetry in  the troughs is  reversed. A notable  fea tu re  of t h i s  
model is  the decrease of the f l u x  toward the blue as the plasma slab 
becomes o p t i c a l l y  t h i n .
The fou r  independent va r iab les  a f f e c t  the appearance of cyc lo t ron
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F ig .  4 . 4 . --Same as F ig .  4 .3 ,  except A = 1U6 , 10b , 1U4 
keV.
and kT = 1U
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F iy .  4 . 5 . --Same as F ig .  4 .3 ,  except A = 106 , 105 , 104 , and kT -  lb 
keV.
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F ig .  4 . 6 . --Same as F ig .  4 .3 ,  except B = 2  x 1U7 guass and kT = 10 keV.
l in e s  in several ways. The most important of these is  the plasma 
temperature. As the plasma temperature increases,  the cyc lo t ron  l in e s  
broaden and become less d i s t i n c t i v e  u n t i l  they complete ly disappear.
Wickramasinghe and Meggit t  (1982) r e s t r i c t e d  the temperature fo r  the 
product ion of c yc lo t ro n  l i n e s  to  kT < 2U keV. However, Figure 4.6 shows 
th a t  these fea tures  are bare ly  v i s i b l e  at 15 keV. We be l ieve  » 15 keV 
is  probably a b e t te r  upper l i m i t  on the plasma temperature fo r  A > 1 0  ,
i f  d i s t i n c t  c yc lo t ro n  l i n e s  are to  be seen from a hot plasma. Many 
other c o n t r i b u t i n g  fa c to r s ;  such as background noise, the s h i f t  in the 
frequency o f  the l in e s  w i th  9, and the inhomogeneous temperature 
d i s t r i b u t i o n ,  w i l l  degrade the spectra l  q u a l i t y  even f u r t h e r .  Another 
important l i m i t i n g  fa c to r  to  the v i s i b i l i t y  of cyc lo t ron  l in e s  is  the 
s t rength  of the magnetic f i e l d .  For B < 1.5 x 10^ gauss, one requires s 
> 1U in  the v i s i b l e  spectrum. At these high harmonics, the l in e s  become 
broader and c lose r  to  one another .  Eve n tu a l ly ,  the in d iv id u a l  harmonics 
become in d is t i n g u is h a b le  and the spectrum forms a continuum. The 
harmonic at which the spectrum becomes a continuum, decreases with  
increas ing  temperature . F i n a l l y ,  the cyc lo t ron  l in e s  become smeared 
toge the r  because of Doppler broadening when 9 < 6U° and kT > ID keV.
For kT < 1U keV, the cyc lo t ro n  l in e s  become smeared toge the r  at smal ler  
angles because Doppler broadening is  less im por tan t .  Most AM Her 
b in a r ie s  have kT > 10 keV, so Doppler broadening is  s i g n i f i c a n t .  
There fore ,  f o r  cyc lo t ro n  l i n e s  to  be observable in  these systems, the 
accre t ion  column probably needs to  be approximately  perpend icu la r  to  the 
l i n e  of s igh t  (0 ~ 90°) f o r  large f r a c t i o n s  of the o r b i t a l  per iod w i th  
the postshock temperature < 15 keV.
Hi r s h f i e l d  et a l . (1961) presented a temperature dependent formula
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fo r  the frequency o f cyc lo t ron  l i n e s :
= n ( l  - s/rj ) (4.b)
where s is  the harmonic number and n = mc2/kT .  They obtained t h i s  
formula by cons ider ing  a two dimensional Maxwell ian d i s t r i b u t i o n  of 
e lec t rons  and propagation of r a d ia t io n  perpend icu la r  to  the magnetic 
f i e l d .  We have genera l ized the equat ion o f Hi r s h f i e l d  _et__al_. (1961) by 
cons ider ing  a th ree  dimensional Maxwell ian d i s t r i b u t i o n  f o r  the 
e le c t ron s  and propagation at an angle 9 to  the magnetic f i e l d  (see 
Appendix f o r  d e r i v a t i o n )  t o  ob ta in :
Our equat ion could be very useful  in  determin ing the s treng th  of the 
magnetic f i e l d ,  the temperature, and the geometry of the cyc lo t ro n  
e m i t t i n g  reg ion. We w i l l  l a t e r  apply equat ion (4 .6)  in  sect ion  I I I .
The b r igh tness  of AM H ercu l is  b in a r ie s  a l t e rn a te  between "h igh"  and 
" low" s ta te s .  The high s ta te  is  normal ly 2-3 magnitudes b r i y h t e r  than 
the low s ta te  and may la s t  from several months to  many years .  The high 
s ta te  is  the r e s u l t  of  high acc re t ion  rates onto one or both maynetic 
po les ,  whereas the low s ta te  corresponds to  low acc re t ion  rates onto
(4 .6)
I I I .  FIT TO OBSERVATIONS OF VV PUPPIS
(a) The Cyclo tron Lines
143
e i t h e r  po le. VV Puppis has been observed in  both s ta te s .  Normal ly, the 
hiyh s ta te  has mmax ~ mm-jn ~ lb  (Wickramasinyhe and Megy i t t  1982)
(thouyh mmax = 13.9 has been observed, Visvanathan and Wickramasinyhe
1981), where mmax corresponds to  the maximum and mm̂ n to  the minimum 
br ightness o f the system dur iny  an o r b i t a l  pe r iod .  Both poles were 
bel ieved to  be a cc re t ing  at th a t  t im e ,  because c i r c u l a r  p o la r i z a t io n  
measurements showed a constant negat ive p o la r i z a t io n  ou ts ide  of the 
b r ig h t  phase (F igure  4.1 of L iebe r t  and Stockman 1979; Visvanathan and 
Wickramasinyhe 1981). Duriny the low s ta te ,  the system's br ightness 
drops to  mmax ~ m|T1̂ n ~ 17.8 w ith  an observed lack of s i g n i f i c a n t  H and 
He emission and f l i c k e r i n g  (L ie b e r t  et a l . 1978). These observat ions 
in d ic a te  l i t t l e  acc re t ion  dur ing the low s ta te .  In February 1979, VV 
Puppis was between high and low s ta te s .  The br igh tness of the system
var ied from mmax ~ 15.7 - 16.5 to mm̂ n ~ 16.9 to  mm-j n ~ 17.8 at the end
of the month (Stockman, L ie b e r t ,  and Bond (1979). Presumably, only one 
pole was acc re t ing  dur ing t h i s  t ime span because of the large change in
br igh tness between b r ig h t  and f a i n t  phases and the lack of negat ive
c i r c u l a r  p o la r i z a t io n  dur ing the f a i n t  phase (Wickramasinyhe and Meygit t
1982). This per iod of t ime was when the cyc lo t ron  l in e s  were observed 
by Visvanathan and Wickramasinyhe (1979) and Stockman, L ie b e r t ,  and Bond 
(1979).
We f i r s t  study the spectrophotometr ic  data o f Stockman, L ie b e r t ,  
and Bond (1979), s p e c i f i c a l l y  t h e i r  F iyure  2, instead of Visvanathan and 
Wickramasinyhe (1979) da ta , f o r  two reasons: (1) the phase dependence of 
t h e i r  spectra is  b e t t e r ,  and (2) the frequency range of t h e i r  spectra is  
w ider .  Stockman, L ie b e r t ,  and Bond's (1979) data covers an e n t i r e  
o r b i t a l  per iod (P ~ 1U0 min. )  broken up in to  nine spectra l  frames of
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e ig h t  minutes each. Frames 6, 7, and 8 are the observat ions which 
conta in  the b r ig h t  phase of the o r b i t a l  per iod and e x h ib i t  the cyc lo t ron  
l i n e s .  A comparison of the absorp t ion model c a lc u la t i o n s  (F igure 4 .2 ) ,  
the emission model c a lc u la t io n s  (Figures 4 .3 - 4 . 6 ) ,  and the data o f 
Stockman, L ie b e r t ,  and Bond (1979) (Frames 6-8 of t h e i r  Figure 2 ) ,  show 
th a t  the emission model represents the data much b e t te r  than the 
absorpt ion model. Thus, we conf i rm the conclusion of Wickramasinyhe and 
Meggit t  (1982) th a t  the cyc lo t ro n  l in e s  are a r e s u l t  of  c yc lo t ro n  
emission from a s in g le  a cc re t ing  magnetic po le ,  and not the r e s u l t  of 
absorp t ion  through a coo le r  plasma boundary laye r  as proposed e a r l i e r  by 
Visvanathan and Wickramasinghe (1979) and Stockman, L ie b e r t ,  and Bond 
(1979).
By making a d e ta i le d  examination of Frames 6-8 , we f i n d  th a t  the 
minimum of the t rough,  at a wavelength x  =  0.57 microns, is  d isp laced by 
about 0.01 micron in  Frame 7 from i t s  value in  Frames 6 and 8. This 
s h i f t  in  wavelength (or frequency) of the cyc lo t ro n  l in e s  could be a 
r e s u l t  o f  changes in  the magnetic f i e l d  s t re n g th ,  the plasma 
temperature , or the o r i e n ta t i o n  of the a cc re t ion  column. We be l ieve  a 
change in  the o r i e n ta t i o n  o f  the acc re t ion  column w i th  the maynetic 
f i e l d  s t reng th  and plasma temperature remaining cons tan t ,  the most 
l i k e l y  exp la n a t ion .  In the succeeding few paragraphs, we w i l l  show 
using equat ion ( 4 . 6 ) ,  how one may place l i m i t s  on the o r ie n ta t i o n  of the 
a cc re t ion  column by observing the frequency s h i f t  o f  the cyc lo t ro n  l in e s  
at var ious angles e.
I f  we assume th a t  the o r i e n ta t i o n  of the a cc re t ion  column dur iny  
Frames 6 and 8 was perpend icu la r  to  the l i n e  of s i g h t ,  then 9 = 9U°. 
Equation (4 .6 )  can then be used to  determine the s t reng th  o f the
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magnetic f i e l d .  The wavelengths fo r  the maxima of the broad peaks 
are X  = 0 .60, 0.525, and 0.47 microns f o r  Frames 6 and 8 of Stockman, 
L ie b e r t ,  and Bond (1979) and Frame 1,2 ,9-11 of Visvanathan and 
Wickramasinghe (1979). Since the cyc lo t ro n  l in e s  are near ly  equa l ly  
spaced in frequency,  i t  is  not obvious which set of cyc lo t ron  harmonics 
at a s p e c i f i c  temperature f i t s  the data c o r r e c t l y .  The co r rec t  set of 
c yc lo t ro n  l in e s  can only be found by t r i a l  and e r r o r  as shown in Table 
4 .2 .  We see tha t  at kT = 0 keV, a magnetic f i e l d  s t reng th  of 2.55 x 107 
gauss is  cons is ten t  f o r  c yc lo t ro n  harmonics n = 7, 8, and 9, and at ID 
keV, a magnetic f i e l d  s t reng th  of 3.56 x 107 yauss is  cons is ten t  w ith  n 
= 6, 7, and 8. We may determine which o f the two s o lu t io n s  is  more 
co r rec t  by a lso cons ider ing  the w id th  of the cyc lo t ro n  l i n e s .  The kT =
0 keV s o lu t io n  is  c l e a r l y  in c o n s is te n t  w i th  the observed broad l i n e  
w id th ,  unless t h i s  is  due to  o ther  inhomogeneit ies. We are then l e f t  
w i th  the kT = 1U keV s o lu t io n  and a magnetic f i e l d  s t reng th  of 3.86 x 
1U7 yauss.
Now equation (4 .6 )  can be used to  f i n d  the wavelength of the 
cyc lo t ron  harmonics f o r  anyles o ther  than 9U°. As an example, the 
wavelength f o r  the cente r  o f the trough between cyc lo t ro n  harmonics n =
7 and 8 is  0.575 microns at 0 = 90°. Table 4.3 shows the wavelengths of 
t h i s  trough f o r  o ther  angles.  The s h i f t  of  = 0.U1 microns between Frame 
7, and Frames 6 and 8 corresponds to  a change in  the angle 0 from 90° 
to  about 70°.
We also f i t  the emission model in  sec t ion  I I  of  t h i s  chapte r ,  using 
a chi squared m in im iza t ion  a n a lys is ,  to  the observat ions in  Frames 6, 7, 
and 8. The f re e  parameters used were the maynetic f i e l d ,  the plasma 
temperature, the angle 0, and the dimensionless parameter A. As stated
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TABLE 4.2a  
Maynetic F ie ld  Strength fo r Cyclotron Lines 
at kT = 0 keV 
B/106 
(gauss)
s group 1_________ group 2_______ group 3
5 3b .70 • • • • • •
6 34.00 29.75 • i *
7 32.55 29.14 25.50
8 • • • 28.48 25.50
9 ♦ • • • • • 25.32
TABLE 4.2b
Magnetic F ie ld  Strength fo r Cyclotron Lines
at kT = b keV 
B/106 
(gauss)
s group 1 group 2 group
5 38.85 •  •  • •  •  •
6 37.57 32.88 •  •  •
7 36.49 32.67 28.59
8 •  •  • 32.37 28.98
9 •  •  • •  •  • 29.16
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TABLE 4.2c  
Magnetic F ie ld  Strength fo r Cyclotron Lines 
at kT = 10 keV 
B/106 
(gauss)
s________ group 1 group 2 group 3
5 41.67 •  •  • •  •  •
6 40.60 35.62 •  •  •
7 39.80 35.63 31.18
8 •  •  • 35.57 31.85
9 •  •  • •  *  • 32.29
footnote to tab le  4 .2 .
The observa t iona l  spectra give wavelengths of th ree d i s t i n c t  cyc lo t ron  
l in e s  which are to  be associated w ith  th ree cyc lo t ron  harmonics. I f  the 
l in e s  are taken to  be cyc lo t ron  harmonics n = b, 6, and 7 (group 1) fo r  
example, then a magnetic f i e l d  s t rength  may be ca lcu la ted  using equation
(4 .6)  f o r  each harmonic. A probable s o lu t io n  is  found when each 
cyc lo t ron  harmonic in  the group has the same magnetic f i e l d  s t reng th .
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TABLE 4 . 3







TABLE 4 .4  
Best F it  Parameters to  Figure 4.7 of
Stockman, L ie b e rt, and Bond (1979)
: rame B/106 kT 0 A/10b
(gauss) (keV)
6 31.8 8.8 90.0 7.7
7 31.4 7.1 85.0 50.1
8 31.5 8.7 88.5 19.3
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the absorp t ion  c o e f f i c i e n t  and a r e  in  e x c e l le n t  ayreement w ith  one 
another .
Wickramasinyhe and M eyy i t t  (1982), f i t  t h e o r e t i c a l  model 
i n t e n s i t i e s  to  data taken from Visvanathan and Wickramasinyhe (1979) and 
Stockman, L ie b e r t ,  and Bond (1979) o f  the mean b r i y h t  phase i n t e n s i t y  
spectrum. Theore t ica l  models f i t  to  the mean b r i y h t  phase i n t e n s i t y  
data w i l l  r e s u l t  in  h igher  temperatures than t h e o r e t i c a l  models f i t  to  
phase dependent b r ig h t  phase i n t e n s i t y  data, such as th a t  of Stockman, 
L ie b e r t ,  and Bond (1979). This occurs because the frequency of the 
cyc lo t ro n  l i n e  w idth is  narrowest at 0 = 90°. As 0 decreases, the peak 
frequency o f the l i n e  changes and the width o f  the l i n e  broadens. For 
example, the mean b r i y h t  phase f l u x  of Wickramasinyhe and M eyy i t t  
(1982), has 0 vary from 90° to  about 7U°. Whereas, Frame 6 of Stockman, 
L ie b e r t ,  and Bond (1979) i s  taken over a sh o r te r  i n t e r v a l  of t ime 
and 0 probably var ies  from 9U° to  about 85°. Note however th a t  the 
w id th  of the cyc lo t ro n  l i n e  becomes broader as the temperature of the 
plasma increases .  I f  t h e o r e t i c a l  models are f i t  to  mean b r i y h t  phase 
data at a s p e c i f i c  angle o f  0, then the required temperature w i l l  
increase to  compensate f o r  the broader l i n e  w id th  o f these 
observa t ions .  The h igher temperature then increases the amount of 
absorp t ion  in  the plasma which re s u l t s  in  a lower value fo r  A.
Wickramasinyhe and M eyy i t t  (1982), f i t  the data of VV Puppis in  t h i s  
manner. This exp la ins  why our values f o r  the temperature of the plasma 
are lower than Wickramasinyhe and M eyy i t t  (1982) , and also why we obta in  
a s i g n i f i c a n t l y  l a rg e r  value f o r  A.
Wickramasinyhe and M e yy i t t  (1982) showed th a t  the o r i e n ta t i o n  of VV 
Puppis did not vary by more than A0 = 20° du r iny  the b r i y h t  phase. They
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e a r l i e r  in  t h i s  se c t io n ,  we decided to  f i t  frames 6, 7, and 8, though 
the noise in  these spectra are la rg e r  than in  Figure 3 (which is  a 
composite o f  Frame 6, 7, and 8) o f Stockman, L ie b e r t ,  and Bond (1979), 
to  obta in  more in fo rma t ion  on the o r ie n ta t i o n  of the acc re t ion  column.
The values which best f i t  the data are given in  Table 4.4 and are
presented in  Figure 4 .7 .  The value f o r  the magnetic f i e l d  s t re n g th ,  B =
3.15 x 107 gauss, is  cons is ten t  w i th  the value found by Wickramasinghe 
and Meggit t  (1982), but s i g n i f i c a n t l y  less than the value found by using 
equat ion ( 4 .6 ) .  We note th a t  the c a lc u la t io n s  are very s e n s i t i v e  to  the 
magnetic f i e l d  s t re n g th ,  and th e re fo re  th ree d i g i t  accuracy in  the 
re s u l t s  i s  not unreasonable. The plasma temperature found in  the 
ana lys is  (kT = 8.7 keV) is  lower, but not s i g n i f i c a n t l y  lower, than the 
plasma temperature ind ica te d  by the ana lys is  of Wickramasinghe and 
Meggi t t  (1982), (kT > 10 keV). However, our values f o r  A are 
approx imate ly  an order  of magnitude g rea ter  than Wickramasinghe and 
Meggit t  (1982).
The best f i t  values obtained from the ana lys is  o f Stockman,
L ie b e r t ,  and Bond (1979) data were then appl ied  to  Frames 2 and 9 of 
Visvanathan and Wickramasinghe (1979). The f i t  to  t h i s  data i s  very 
good (see F ig .  4 .8 ) ,  when one considers th a t  abso lu te ly  no adjustments
were made to  the best f i t  values except f o r  sca l ing  to  the
observa t ions .  In a d d i t i o n ,  we f i t  the data of Visvanathan and 
Wickramasinghe (1979) using the values of Wickramasinghe and Meggit t  
(1982), (kT = 10 keV, B = 3.18 x 107 gauss, A ~ 1053) w i th  our model 
c a l c u la t i o n s .  The f i t s  to  the data (F ig .  4.8)  are not as good as the 
f i t s  using our va lues. We note th a t  our c a lc u la t io n s  were made using 





0 .4 6  0 .5 1  O S *  0 .6 1  0 .6 6  0.71 0  7 *
WAVELENGTH (microns)
F ig .  4 . 7 . - -Bes t  f i t  to  the b r i y h t  phase data o f Frames 6, 7, and b of 
Stockman, L ie b e r t ,  and Bond (1979). The best f i t  values f o r  these 
frames are given in  Table 4 .4 .
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F ig .  4 . 8 . - - F i t  to  the b r ig h t  phase data o f Visvanathan and 
Wickramasinghe (1979). The upper f i g u r e  corresponds to  t h e i r  Frame 2 
and the lower f i g u r e  to  t h e i r  Frame 9. For upper f i g u r e  our best f i t  
values (B = 3.15 x 107 gauss, kT = 8.7 keV, 0 = 90°) 
f o r  A = 3 x 10^ ( t h i c k  s o l i d  l i n e )  and A = 1U6 ( t h i n  s o l i d  l i n e )  are 
compared to  the best f i t  values o f  Wickramasinghe and Meggi t t  (1982), (B 
= 3.18 x IQ7 gauss, kT = 10 keV, 0 = 90°, A = 1U13, dashed l i n e ) .  For 
lower f i g u re  our best f i t  values (same as upper f i g u r e )  f o r  A = 10b 
( t h i c k  s o l i d  l i n e )  compared to  Wickramasinghe and Meggit t  (1982), (same 
as upper f i g u r e ) .
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determined t h i s  ranye by p resent iny  th e o r e t i c a l  spectra of a plasma at
kT = 10 keV, B = 3.18 x 10^ gauss, and A = ID13 fo r  var ious values of 0.
The i r  est imate  fo r  A8 is  in  good agreement w ith  our e a r l i e r  ana lys is  of
the VV Puppis spectra using equation (4 .6 ) .
(b) The C i r c u la r  P o la r i z a t io n
The c i r c u l a r  p o la r i z a t i o n  (Visvanathan and Wickramasinyle 1979) was 
observed dur ing  two b r ig h t  phases to  be 4% and 6% fo r  X X  4UU0-6UUUA.
Our c a lc u la t i o n s  of the c i r c u l a r  p o la r i z a t io n  f o r  a complete b r ig h t  
phase was found by averaging the p o la r i z a t io n  over \\4UUU - 6UUUA and 
over angles 90°, 8b°, 80°, and 75°. The re s u l t i n g  value of 9 %  i s  in 
good agreement w ith  the observa t ions .
IV . DISCUSSION
The re s u l t s  from sec t ion  I I I  may a lso be used to  determine the 
d is tance to  VV Puppis and the size o f i t s  postshock reg ion .  Aizu (1973) 
gives the temperature of the postshock plasma as
kTs = (3/16)  GMmp/R, (4 .7)
where mp i s  the proton mass. For a degenerate n o n r e l a t i v i s t i c  e le c t ron  
gas, the mass-radius r e l a t i o n  of a whi te  dwarf ( K i t t e l  1969) is
K « 7.94 x 108 (M/My ) ' 1/3 cm. (4 .8 )
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S u b s t i t u t i o n  o f equat ion (4 .8 )  in  equat ion (7) gives
kTs = 32.7 (M/MQ) 4 /3 keV. ( 4 .y )
Using kTs = 8.7 keV (Table 4 .2 ) ,  i t  fo l low s  th a t  M =» U.37 and R ~ 1.1 
x lUy cin.
I f  the coo l ing  mechanism in  the postshock region is  o p t i c a l l y - t h i n  
bremsstrahlung ra d ia t i o n ,  then the height h o f the shock f r o n t  above the 
sur face o f the whi te  dwarf i s  given by (Aizu 1973),
h = 3.77 x 106 (M/My )(R/Ry ) _1(N/N16) _1. (4.1U)
Here N is  the e le c t ron  number d e n s i ty ,  N^g = N /1 0 ^  cm~^ and Rg = R / l u y
cm. The he ight of the shock above the s t e l l a r  surface was found by
Stockman, L ie b e r t ,  and Bond (1979) to  be < U.U4 R or ~ 4.4 x 10^ cm from
simultaneous photometry. Hence, by using equat ions (4 .9 )  and (4.1U), 
the e le c t ron  number dens i ty  in  the postshock region dur ing these 
observat ions may be deduced to  be N > 2.9 x 10^4 crrT^. Therefore an 
upper bound on the diameter of the acc re t ion  column 1 = A B/4ueN is  <
3.4 x 107cm f o r  A * 2 x l0 & and B = 3.1b x 10^ gauss. Knowledge o f h and
1 gives the apparent sur face area, A = hi of  the postshock reg ion .  
Therefore an upper bound on the d is tance to  VV Puppis may be found:
D = ( 2 k T A / \ 2f  J  1/2 < 350 parsecs. (4.11)
S K
I f  the sur face temperature o f the whi te  dwarf is  » 9000 K as determined 
by L ie b e r t  _et_aj_. (1978), when VV Puppis was very f a i n t  w i th  an observed
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f l u x  f  ~ 2 x 1CT27 ergs/sec/cm2/H z , then the d is tance D ~ 340 parsecs.
A.
Widely vary ing  values are given fo r  the area o f  the po la r  cap A 
= 4uR2f .  Here, R ~ lO^cm is  the radius o f the whi te dwarf and f  is  the 
po la r  cap f r a c t i o n .  These values range from f  ~ 0.1 (King and Shaviv 
1984), to  10“ 2 (Raymond et a l . 1979), and to  f  ~ 10"^ -  1U- ^ (Patterson 
eta_l_. 1984; Imamura 1984). Using our diameter o f the postshock reg ion ,  
we f i n d  f  = 6 x 10"^. Our re su l t s  then favo r  the smal ler  po la r  cap 
s ize .
Wickramasinghe and Meggi t t  (1982), placed c o n s t ra in ts  on the 
o r b i t a l  i n c l i n a t i o n  i and the angle 6 between the r o ta t i o n  axis and the 
magnetic d ipo le  f i e l d  a x is .  The i r  conclus ion l i s t e d  the angle between 
the l i n e  of s ig h t  and the d i r e c t i o n  o f the magnetic f i e l d  9 > 70°, 
because the cyc lo t ro n  fea tu res  were present th roughout the e n t i r e  b r ig h t  
phase. This conclusion and the fa c t  th a t  the b r ig h t  phase was 
present f o r  about 40?o of the o r b i t a l  pe r iod ,  imp l ied  geometries of U° < 
i < 30°, 90° < 6 < 100° or 80° < i < 9U°, lbU° < 6 < 180°. Preference 
was given to  the former set o f values because o f the absence of an 
e c l ip se  of the acc re t ion  column by the secondary. Bra inerd and Lamb 
(1984) obtained the geometry fo r  VV Puppis by analyz ing l i n e a r  
p o la r i z a t i o n  p o s i t io n  angle data. They found i = 75° + b° and 6 = 148° + 
b° ,  which agrees w i th  the second set of values due to  Wickramasinghe and 
Meggit t  (1982), and our r e s u l t s .
F i n a l l y ,  Wickramasinghe and Meggi t t  (1982), concluded from t h e i r  
ana lys is  tha t  another component of r a d ia t io n  e i t h e r  unpolar ized or 
weakly po la r ized  dominates in the blue and UV regions o f the spectrum.
They c la im t h i s  i s  necessary in  order  to  f i t  the cyc lo t ro n  spectrum and 
reduce the ca lcu la ted  p o la r i z a t i o n .  Uur ana lys is  does not support t h i s
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conc lus ion .  We see no need fo r  the presence of a weakly po la r ized  or 
unpolar ized component of r a d ia t io n  in the blue and UV spectra l  regions.
V. CONCLUSIONS
We have made c a lc u la t io n s  of cyc lo t ro n  l i n e  spectra fo r  homoyeneous 
plasmas and appl ied  them to  VV Puppis. Our main conclusions are: (1) 
the v i s i b i l i t y  of c yc lo t ro n  l in e s  in  the o p t i c a l  spectrum is  l im i t e d  to  
a small parameter space in  magnetic f i e l d  s t re n y th ,  plasma temperature, 
and system o r ie n t a t i o n .  The magnetic f i e l d  s t reny th  probably needs to  be 
between (2-10) x 107 yauss in  order to  observe o p t i c a l  cyc lo t ron  
l i n e s .  Hence, cyc lo t ro n  l in e s  would be d i f f i c u l t  to  observe in  most DQ 
Her b in a r ie s  since t h e i r  magnetic f i e l d s  are on the averaye ~ 10b 
yauss. The plasma temperature needs to  be < lb  keV and the acc re t ion  
column perpend icu la r  to  the l i n e  of s igh t  f o r  extended periods of t ime 
(~ 10 minutes, depending on the b r ig h tn e s s ) .  (2) equat ion (4 .6 )  
genera l izes the equat ion by H i r s h f i e l d  _et_ aj_. (1961) f o r  the frequency 
of the cyc lo t ro n  l i n e  to  a th ree  dimensional Maxwell ian e le c t ron  
d i s t r i b u t i o n  and propagation at an anyle 9 to  the magnetic f i e l d .  Tnis 
equat ion i s  shown to  be usefu l  in  determin ing the magnetic f i e l d  
s t reng th  of the postshock plasma and in  p lac ing  l i m i t s  on the system 
o r ie n t a t i o n  from observa t iona l  spec tra .  (3) VV Puppis has a po la r  
magnetic f i e l d  s t reng th  of 3.1b x 107 yauss, and a postshock plasma 
temperature o f 8.7 keV. (4) the o r i e n ta t i o n  o f  the acc re t ion  column 
var ies  between 9 = 70°-9U°, dur ing  the b r i y h t  phase, con f i rm ing  the 
o r ie n ta t i o n  determined by Bra inerd  and Lamb (1984). (5) the size  of the
po la r  cap ( f  = 6 x 10"b) f o r  VV Puppis is  cons is ten t  w i th  est imates of
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the po la r  cap f r a c t i o n  f  < 10"3 proposed by Raymond et aj_. ( I9 7 y ) ,
Patterson et__al_. (1984), and Imamura (1984). (6) the suggest ion by
Wickramasinyhe and Meggi t t  (1982), f o r  a weakly po la r ized  or unpolar ized 
component of ra d ia t io n  in  the blue and UV spectra l  region i s  not 
required by our a n a lys is .
CHAPTER 5
CONCLUSIONS AND FUTURE WORK
Previous c a lc u la t io n s  of cyc lo t ro n  emission from hot magnetized 
plasmas, when appl ied to  the AM Hercu l is  b in a r ie s ,  were able to  exp la in  
q u a l i t a t i v e l y  many of the o p t i c a l  p o la r i z a t io n  observat ions of these 
systems (Chanmugam and Dulk 1981, Meggi t t  and Wickramasinghe 1982). 
However, the maximum value of the l i n e a r  and c i r c u l a r  p o la r i z a t io n  
reached » 100%, con tra ry  to  the observed values of < 40%. These 
authors th e re fo re  suggested th a t  an unpolar ized background f l u x  could 
reduce the p o la r i z a t io n  to  the observed le v e l s .  These c a lc u la t i o n s ,  
however, did not inc lude the e f fe c t s  o f c o l l i s i o n s  and Thomson 
s c a t t e r i n g .  In t h i s  t h e s i s ,  we inc lude these e f f e c t s .  The p r in c ip a l  
conclusions reached are as fo l lo w s :  (1) In the c a lc u la t io n s  of t h i s
t h e s i s ,  the a d d i t io n  of c o l l i s i o n s  to  the c a lc u la t i o n s  of the cyc lo t ro n  
absorpt ion  c o e f f i c i e n t s  re s u l t s  in  a s i g n i f i c a n t  reduct ion  in  the 
p o la r i z a t i o n .  We f in d  th a t  an a d d i t io n a l  unpo lar ized f l u x  is  not 
necessary in  order  to  ob ta in  agreement between the c a lc u la t io n s  and the 
data . (2) The c i r c u l a r  p o la r i z a t i o n  does not approach 1U(J% fo r  small 
viewing angles w ith  respect to  the magnetic f i e l d  as in  the 
col 1i s io n le s s  c a l c u la t i o n s .  The c i r c u l a r  p o la r i z a t i o n ,  ins tead ,  
approaches 0% or some value << 100%, depending on the geometry of the 
system. This r e s u l t  provides a n a tu ra l ,  q u a l i t a t i v e  exp lanat ion  of the 
" s t a n d s t i l l " ;  a behavior of the c i r c u l a r  p o la r i z a t i o n  seen at small 
v iewing angles and at those cyc lo t ro n  harmonics which are o p t i c a l l y  
t h i n .  (3) A best f i t  to  data of AM H ercu l is  (Tapia 1977) is  obtained
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f o r  a maynetic f i e l d  B = 2.7 x 107 gauss, a plasma temperature kT = 0.2 
keV, and a slab th ickness  = 2.8 x 1(J  ̂ cm. (4) F i t s  of the c i r c u l a r  
p o la r i z a t i o n  data o f AM H ercu l is  using the c a lc u la t io n s  of cyc lo t ro n  
absorpt ion c o e f f i c i e n t s  which neglect the e f fe c t s  of c o l l i s i o n s  are 
attempted. We f i n d  th a t  the a d d i t io n  o f an unpo lar ized f l u x  reduces the 
amount o f p o la r ized  r a d ia t io n  to  observed le v e l s ,  but the shape of the 
curves are f i t  p o o r ly ,  (b) These f i t s  of the data o f  AM H ercu l is  match 
the slope of the spectra l  f l u x  w e l l ,  when the plasma temperature is  
= 10 keV. (6) From the t h e o r e t i c a l  cyc lo t ron  spec tra ,  we f i n d  th a t  
the v i s i b i l i t y  of cyc lo t ron  l in e s  in the o p t i c a l  spectrum is  l im i te d  to 
a small parameter space in  magnetic f i e l d  s t reng th  ( (2 -10)  x 107 gauss), 
in  plasma temperature (< 15 keV), and in  viewiny angle (~ 00° ) .  (7) We
also conf i rm the conclusion by Wickramasinghe and Meyg it t  (1982) th a t  
the broad l i n e s  in  the o p t i c a l  spectrum of VV Puppis are due to  
c yc lo t ro n  emiss ion. (8) The best f i t  to  the data of VV Puppis y ie ld s  a 
p o la r  magnetic f i e l d  s t reng th  B = 3.1b x 1U7 yauss, a plasma temperature 
kT = 8.7 keV, and a dimensionless plasma parameter A ~ 1U&. (y) We do
not requ i re  the a d d i t io n  o f an unpo lar ized f l u x  in  the blue and UV 
spectra l  regions as suggested by Wickramasinghe and Meyg it t  (1982).
I t  appears th a t  the model proposed by Chanmuyam and Dulk (1981) and 
Meyg i t t  and Wickramasinghe (1982) is  e s s e n t ia l l y  c o r r e c t .  The problems 
which we encountered du r iny  the attempts to  f i t  the c i r c u l a r  
p o la r i z a t i o n  data o f  AM H ercu l is  are probably a re s u l t  of  the model of 
the acc re t ion  column which is  assumed to  be a plasma slab w i th  a 
constant temperature . Future work should model the t r a n s f e r  of 
p o la r ized  ra d ia t i o n  through plasmas w i th  a temperature g ra d ie n t ,  as is  
probably found at the surface of the acc re t ion  column.
APPENDIX
Petrosian (1981) gives the equation
u>/wg = nY/ ( l + t 2 ) (A l )
2 2 2 - 2where t Q = Y0 P0sm 9. For the non-rel  a t i  vi s t i  c case
o
(a)/ojgH<< 1 ) ,  Poyq ~ 2w/u)g|i and y ~ 1. This gives
w/u^ = n / ( l+2 'Jj s in 2 (9)/ojBq ) . (A2)
«
Some a d d i t io n a l  algebra gives
= (-1 + (1 + 8n s in 2 9/q) ) / (4n s in 2 0 /q ) .  (A3)
I f  8n s in 2 0/q. << 1, then we obta in
to/uig = n ( l  -  2n s in 2 9 /n ) .  (A4)
For 0 = 90°, equat ion (A4) i s  s im i l a r  to  th a t  obtained by Hi r s h f i e l d  et 
a l . (1961) (see equat ion 4 . 5 ) ) .
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